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Due to the complexity of the fluid dynamics and non-linear reactions in the combustion zone, a
simplified approach to study this process is required. Given these complexities, it is practically
very challenging to take measurements in very high temperature and pressure zones in practical
combustion systems, and if by any means those measurements can be made, it is equally
challenging to analyze those measurements. Hence, in order to more comprehensively
understand these processes, the problem needs to be resolved into the smaller and controllable
sub-category of experiments, by creating laminar flamelets. One approach used in creating these
flamelets is by establishing simplified non-premixed flames in the counterflow configuration.
Alongwith all the fundamental properties of combustion, it is important to study the health
hazard and environmentally detrimental emissions, such as soot and polycyclic aromatic
hydrocarbons (PAHs). Such combustion studies need to be carried out using the non-intrusive insitu optical diagnostics measurement techniques, such as the Laser Induced Incandescence (LII),
Planar Laser Induced Fluorescence (PLIF) and Light Extinction (LE). These measurements for
renewable biofuels aid in better understanding of the soot formation process, as well as in
developing the fuel specific knowledge to bring them into commercial use. Furthermore since the
most practical combustion systems operate at elevated pressures, it is also important to
understand the soot formation process under elevated pressure conditions. Considering these, in
the current study, the soot and PAH formation processes for butane and butanol isomers (C4
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fuels) at atmospheric pressure; and for ethylene at elevated pressure have been experimentally
investigated and compared in a counterflow non-premixed flame configuration.
Under the investigated conditions, butane isomers were observed to form more soot than
butanol isomers, thereby showing the effect of the hydroxyl group. The effects of isomeric
structural differences on sooting propensity were also observed within the butane and butanol
isomers. In addition, while soot volume fraction was seen to increase with increasing fuel mole
fraction, the ranking of sooting propensity for these C4 fuels remained unchanged. For the
conditions studied, the sooting tendency ranking generally follows n-butane > iso-butane > tertbutanol > n-butanol > iso-butanol > sec-butanol. . The counterflow non-premixed flames were
also simulated using the gas-phase chemical kinetic models, USC Mech II [1], Sarathy et al. [2]
and Merchant et al. [3] available in the literature to compute the spatially-resolved profiles of
soot precursors, including acetylene and propargyl.
For these C4 fuels, the PAHs of various aromatic ring size groups (2, 3, 4, and larger
aromatic rings) have been characterized and compared in non-premixed combustion
configuration. In particular, the formation and growth of the PAHs of different aromatic ring
sizes in these counterflow flames was examined by tracking the PAH-PLIF signals at various
detection wavelengths. PAH-PLIF experiments were conducted, by blending each of the
branched-chain isomers with the baseline straight-chain isomer, in order to study the synergistic
effects. The fuel structure effects on the PAH formation and growth processes were also
analyzed by comparing the PAH growth pathways for these C4 fuels. A chemical kinetic model,
POLIMI mechanism [4-7], available in the literature that includes both the fuel oxidation and the
PAH chemistry was also used to simulate and compare the PAH species up to A4 rings.
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Counterflow non-premixed sooting ethylene‒air flames with fuel mole fractions of 0.20‒
0.40 in the pressure range of 1‒6 atm were investigated experimentally with the laser diagnostic
techniques of LII, PLIF and LE. A better understating of the quantitative soot formation process
has been developed for ethylene counterflow flames under elevated pressure conditions. The
effect of pressure on the formation of PAHs with different aromatic ring sizes has also been
determined qualitatively. With increase in pressure, the increase in soot volume fraction and
PAH-PLIF signals were observed. A chemical kinetic model available in the literature, that
includes both the fuel oxidation and the PAH chemistry, was also used to simulate and compare
the PAH species up to A4 rings. At the incipient stage of the PAH formation, the simulated
results exhibited similar behavior to the experimental observations. A chemical kinetic model,
WF-PAH mechanism [8], available in the literature was also used to compute the PAHs up to
four aromatic rings. This chemical kinetic model predicted enhancing PAHs formation with an
increase in pressure, consistent with the experimental trend.
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Chapter 1: Introduction
Energy is the most crucial factor in the progress of the modern economies. As the
economies around the world develop rapidly, the demand for energy also increases. The demand
for energy in the world is expected to triple by the end of this century [9]. Combustion is the
major sources of the current energy generation process [9]. Wherein, the combustion process is
necessary in the generation of energy, it results in the production of harmful bi-products, in the
form of gaseous and particulate emissions. Soot emission from fuels is one of such emissions,
which is integral part of the combustion process, which requires better understanding for the
fuels to be wisely used in the practical combustion systems. These soot emissions are health
hazardous as these are known to be carcinogenic, and create respiratory diseases. Alongside,
these soot emissions are detrimental for the environment, such as these are responsible for the
global warming. One of the key challenges the society faces is to meet the energy demand and at
the same time protect its environment. Remedies to the shortcomings of the combustion process
are twofold. First, to develop alternative fuels, which can be directly used in the present
combustion based infrastructure. Secondly, develop the understanding of the complex
combustion processes, including the emission processes. In any of the combustion systems, the
process of combustion is turbulent flow and non-linear reacting chemistry. Due to the complexity
of the fluid dynamics and non-linear reactions in a practical combustor, a simplified approach to
study this process is required. Given these complexities, it is practically very challenging to take
measurements in a hostile environment inside the combustion systems, and if by any means
those measurements can be made, it is equally challenging to interpret those measurements.
Hence, in order to more comprehensively understand these processes, the problem needs to be

1

resolved into the smaller and controllable experiments, such as by creating laminar flamelets.
One approach used in creating these flamelets is by establishing simplified non-premixed flames
in the counterflow configuration. Most of the combustion systems are mixing-rate controlled
and lead to a non-premixed flame in which fuel and oxidizer are introduced separately [10]. The
study of the combustion processes such as soot formation and polycyclic aromatic hydrocarbon
(PAH) formation, in these laminar flamelets aids in the development of better chemical kinetic
models. These flamelets can be studied under varying parameters to measure the effects of
practical combustion system relevant parameters such as fuel loading, oxidizer loading,
residence time, temperature and pressure. In general, turbulent flames can be considered as an
ensemble of strained, quasi-one-dimensional, laminar flamelets, represented by a non-premixed
counterflow flame. This approach can help in the control of the combustion environment inside
practical combustion systems, hence can aid in reducing the environmental emissions. Further in
the process of solving the aforementioned challenges, alternative fuels can be used. Alternative
fuels, which can be produced using the biological processes from the biomass, result in less net
contribution of emission to the environment, compared to the fossil fuels. In the production of
the biofuels from the biomass, the carbon sequestration and emission process is a cyclic process.
Fossil fuel formation process depends on the natural processes, whereas the processes to produce
biofuels have been discovered. The usage of the biofuels in the existing fuel based energy
infrastructure requires us to study the fundamental combustion properties for them to facilitate
the switch to these fuels.
1.1 Motivation

Currently, 80% of world energy demand is met by using fossil fuels [9]. With the projected
world energy demand expected to triple by the end of this century [9], alternative and renewable
2

means of energy resources have huge potential in meeting the ever increasing world energy
demand. Biofuels, amongst many other alternative sources of energy, offer multiple benefits in
terms of providing energy security, economic advantages, and environmental protection [9].
Extensive research has been conducted on biofuels that are produced from biomass. The socalled second generation biofuels do not pose a threat to food security as these biofuels can be
produced from inedible crops [11]. Butanols are second generation biofuels, which are
considered as a substitute to currently used first generation ethanol as blend in gasoline. Butanol
isomers are high in energy density (36 MJ/kg) compared to ethanol (27 MJ/kg) [12].
Additionally, butanol isomers except for tert-butanol are less miscible in water than ethanol, and
hence provide ease in fuel distribution through existing infrastructure [11]. Biochemical
processes for butanol isomers production, except for tert-butanol, have been established and are
less capital intensive [11, 13]. tert-Butanol that is derived as a petroleum by-product from the
propylene oxide, is often used as an octane enhancer in gasoline [14].
As biofuels are considered for practical applications, interest of the research community in
fundamental research for butanol isomers has been increasing. The investigation of their
fundamental properties assists in the design of advanced engines and combustion systems, to
control the combustion processes. This is evident as there have been numerous fundamental
combustion studies of butanols conducted on laminar premixed and non-premixed flames e.g.,
[15-34], flow reactors e.g., [3, 35-39], ignition delays in shock tubes e.g., [40-49] and rapid
compression machines e.g., [50-53] fuel pyrolysis e.g., [54-59], and jet stirred reactors e.g., [16,
22, 28, 59-64]. In addition, engine studies were conducted for butanol isomers to determine
brake specific fuel consumption, exhaust gas temperature, and thermal efficiency e.g., [65-71].
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Fundamental soot formation process is proposed to be a highly hierarchical process which
starts from the gas phase chemistry and grows to the solid phase chemistry of soot formation. In
the gas phase chemistry fuel breaks into the major and minor species of combustion products,
some of these minor species responsible for the soot formation process are known as the
precursors. In the development of soot chemistry, precursors such as acetylene (C2H2) and
propargyl (C3H3) are widely known as the fundamental building blocks. The soot formation
process as such starts from these precursors to incipient aromatic rings such as benzene (C6H6)
formation. Then these incipient aromatic rings grow to form the larger aromatic rings known as
the polycyclic aromatic hydrocarbons (PAHs). Several pathways of these aromatic ring
formation and growth have been proposed.
Polycyclic aromatic hydrocarbons (PAHs) are the precursors in the soot formation process in
combustion [72-75]. The PAHs are also known to be harmful to the environment and human
health. The PAHs can be generated by various sources such as in the internal combustion engines
used for transportation and in the combustors used for power generation, as a result of
incomplete combustion. The regulatory measures over time have become more stringent to
reduce the particulate emissions from engines and combustors. Moreover, the design of modern
combustion engines and devices requires understanding the fundamental PAH/soot formation
and growth chemistry to achieve this goal. The widely accepted H-abstraction-C2H2-addition
(HACA) mechanism of the PAH and soot formation was proposed by Frenklach and coworkers
e.g.,[8, 76-80]. Apart from the HACA mechanism, the pathways involving propargyl, allyl,
cyclopentadienyl, and indenyl have also shown to contribute to the PAH and soot formation
processes cf.[81-89]. Recently, Schenk et al. [90] have proposed the methyl- and phenyl-addition
pathways of the PAH and soot formation. In addition, the odd-carbon-atom pathways have been
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introduced as possible reaction routes of the incipient PAH formation, as the propargyl has been
proposed to produce reasonantly stable benzene rings [91-95]. Numerical studies have suggested
that the propargyl is also responsible for the PAH growth pathways leading to the soot formation
via the propargyl addition and recombination reactions [95-97].
To develop the soot formation chemistry, understanding the PAH formation process is
essential. It is observed that there is a lack of experimental databases of the PAHs to develop the
comprehensive soot formation chemistry, even in comparative terms between fuels of the same
isomeric class. Considering this, in-situ PAH measurements using the non-intrusive planar laserinduced fluorescence (PLIF) technique in a counterflow non-premixed flame configuration for
the butane isomers and the butanol isomers, can provide a qualitative comparison of PAH
growth for the C4 fuels investigated. Specifically, the C4 fuels investigated are n- and isobutanes, as well as n-, iso-, sec-, and tert-butanols. The molecular structures of these fuels are
shown in Table 1.
Table 1: Chemical structures of butane and butanol isomers.
n-butane

iso-butane

n-butanol

iso-butanol

sec-butanol

tert-butanol

Most practical combustion devices operate at elevated pressures to increase
thermodynamic efficiency, resulting in a decrease in their physical size. Consequently, It is
important to examine the soot and the polycyclic aromatic hydrocarbons (PAHs) formation at
elevated pressures, eventually to control this process [98]. Soot is known to adversely affect the
lifetime of the combustion devices as well as pose health related concerns for humans. PAHs
have been known as the important class of precursors in soot formation [99, 100], and hence also
5

play an important role in understanding soot formation mechanisms. In addition, PAHs have
been identified to create toxicity/carcinogenicity [101]. Recongizing that ethylene is one of the
major olefins produced as an intermediate species in the hydrocarbon combustion and that the
study of sooting ethylene flames at elevated pressure conditions would enhance fundamental
understanding of the soot formation processes in hydrocarbon flames [102], the current study
aims to investigate the soot and the PAH formation processes for counterflow non-premixed
ethylene flames at elevated pressure conditions.
1.2 Organization of this dissertation
Chapter 2 describes in detail the experimental apparatus and procedures used in this work, as
well as the computational methods and chemical kinetic mechanisms used for the accompanying
simulations. The theoretical details of the soot formation process and state-of-the-art optical
diagnostic techniques are provided. The justifications of using the parameters used in the
experiments have also been discussed in detail.
Chapter 3 provides the detailed discussion of the experimental results of soot formation
studies for butane and butanol isomers. The discussion includes the effects of various
parameters, such as fuel loading, oxidizer loading and strain rate, on the soot formation process.
These experimental results are accompanied by a computational analysis. The discussion of the
computational results includes flame structure, concentrations of soot precursors, and chemical
pathway analyses based on gas-phase chemistry.
Chapter 4 provides the detailed discussion of the experimental results of soot and
polycyclic aromatic hydrocarbon (PAH) formation studies for butane and butanol isomers. The
fuel structure effects on PAH formation are presented. Additional experimental results on PAH
formation are presented for the binary fuel blends, by blending the branched chain isomer with
6

the baseline straight chain isomer. These results are compared with the computational results.
The pathway analysis for the PAH formation process have also been conducted.
Chapter 5 includes the details of the experimental results of soot and PAH formation for
ethylene flames at elevated pressure. The results are analyzed to find the pressure scaling effect
on soot and PAH formation process. A chemical kinetic mechanism has been adopted to provide
the computational insight on the pressure effect on the soot formation process and this is
included in the discussion.
Chapter 6 summarizes the conclusions reached in this dissertation, and suggests future
research work that may take advantage of the non-premixed counterflow flame configuration to
develop soot models detailing the gas phase chemistry and gas-solid phase chemistry, including
the surface growth processes.
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Chapter 2 Experimental and Numerical Specifications

2.1 Counterflow burner facility

A counterflow burner facility was used to establish a non-premixed flame, the burner has been
shown in Fig. 2.1. The burner consisted of two aerodynamically converging opposing nozzles of
10 mm exit diameter with a separation distance of L=11 mm, as shown in Fig. 2.2. The high
pressure chamber body was made of 12.7 mm thick stainless steel with 330.2 mm height and 254
mm diameter. The pressure inside the chamber was controlled by regulating a back pressure
regulator. The burner has been demonstrated to achieve stable premixed counterflow flames up
to a pressure of 3 atm for liquid fuels [103, 104] and is designed to operate up to 20 atm pressure.
More details on this burner facility can be found in [104, 105], and hence a brief description of
the system setup is given below. The experimental setup consisting of burner facility including
the fuel and oxidizer supply and the laser induced incandescence (LII) setup has been shown in
Fig. 2.3. Further details on LII setup will be provided in Section 2.2 of this chapter. Liquid fuels
were injected using a high precision liquid fuel pump, and were vaporized by providing heated
annular coflow of heated nitrogen in the vaporization chamber. The gaseous fuels, namely
butane isomers, were introduced using a mass flow controller, capable of controlling flow rates
as low as 20 standard cubic centimeters per minute. Another, gaseous fuel, ethylene was
controlled by the pressure gauge and the calibrated sonic nozzles. The fuel/nitrogen mixture was
introduced from the bottom nozzle, while nitrogen and oxygen were mixed in a separate line and
introduced from the top nozzle. Supply lines from the flow panel to the bottom nozzle were
maintained at an appropriate temperature by using heating tapes to prevent condensation of
liquid fuels.
9

Figure 2.1: High pressure counter-flow flame burner designed to operate at elevated pressure up
to 20 atm.

10

Figure 2.2: Schematic of the counterflow non-premixed flame. Two opposing nozzles have been
separated by a distance of 11 mm.

11

2.2 Laser induced incandescence (LII)

Laser Induced Incandescence (LII) has been widely used technique for soot measurements e.g.,
[106-128], which is shown in Fig. 2.3 along with the burner and the flow system. In the LII
technique, a Continuum Powerlite 8010 Nd:YAG laser was used to provide a laser output of 532
nm wavelength (the second harmonic) at 10 Hz repetition rate. This visible wavelength facilitates
precise laser sheet alignment in the center of the burner, which is crucial in soot measurements as
the soot volume fraction varies radially and axially. Since the primary soot particle sizes are
expected to be in the range of 2–90 nm, the wavelength of 532 nm also fulfills the Rayleigh
absorption criterion of

, where

is the diameter of the soot particle and

is the laser

wavelength. The laser beam has a Gaussian profile with the least square factor of 0.95, and the
laser power used for the LII measurements was 220 mW. The short laser pulse width of 7 ns
results in rapid heating of soot particles, as seen from a representative temporal profile of LII
signal shown in Fig. 2.4. It is noted that the LII signal profile in Fig. 2.4 is normalized with the
maximum LII signal. The laser beam was guided in the sooting zone using dichroic mirrors. The
propagating laser beam has a uniform beam diameter of 8 mm, as the Gaussian beam remains
uniform with a very small beam divergence angle of 0.45 mrads. A laser sheet was formed by
expanding the laser beam vertically with an expansion factor of 15, through the use of a
cylindrical plano-concave lens with a focal length of

=−25.7 mm and a cylindrical plano-

convex lens of =250 mm. Due to the large vertical expansion, the energy distribution in the
laser sheet along the vertical direction was uniform. An iris was also used to focus the central
part of the laser sheet between the fuel and oxidizer nozzles.
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Figure 2.3: Schematic of experimental setup of counterflow non-premixed flame with LII laser
diagnostic technique.
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Figure 2.4: Temporal profile of LII signal obtained for an ethylene flame. Normalization is based
on the maximum LII signal.
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The LII signal was detected in a Peltier cooled intensified CCD camera (Princeton
Instrument, PIMAX-3), which has a quantum efficiency of 15% for the detection wavelength of
450 nm. The selection of this particular wavelength will be discussed later in detail. With the
current optical setup, the spatial resolution was 0.0384 mm/pixel. The intensified CCD camera
was synchronized with the laser using an external trigger from the laser. While the delay settings
on the camera will be described in due course, briefly, its selection was set such that the camera
shutter would open after the laser pulse arrives in the sooting zone and after the heating of soot
particles is achieved. Although the laser pulses reached the sooting zone at a repetition rate of 10
Hz, the soot measurements were conducted at the nanosecond time scale. Such nanoscale
measurements permit sufficient time for LII detection between two consecutive laser pulses.
The theoretical basis of LII process is based on transient energy balance mechanism. When
soot particles are heated up due to absorption of laser energy, there is a rapid increase in internal
energy of the soot particle. The sudden heating of soot particle raises the particle temperature to
approximately 4000 K [119]. After attaining such a high temperature, the soot particles cool
down due to sublimation, convection, and radiation. The nearly blackbody emission signals due
to the radiative cooling process of the soot particles are detected as the LII signals [120].
Because of very high temperatures, sublimation of C2 species occurs from the soot particle
surface, which generates spectroscopic emissions [123]. These C2 emissions have a wavelength
range of 420−650 nm in the Swan band [123], they are a major cause of interference in the LII
signal.
In order to determine the exact settings of gate delay and gate width for the experiments, the
temporal measurement of LII signal was first analyzed. Figure 2.4 shows a temporal profile of
LII signal, with time “0” corresponding to the time when the laser pulse arrives the sooting zone
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This profile shows a sharp rise in the LII signal as the soot particles are heated rapidly by a short
(7 ns) laser pulse. There is about ~10 ns delay in the signal before it has a sharp rise, this delay is
due to the finite temporal laser pulse of 7 ns. After attaining a peak value, the LII signal first
decays sharply due to the rapid sublimation cooling process of soot particles [120, 123], and then
decays slowly after around 40 ns, as the cooling is subsequently dominated by the slower
convective heat transfer process. It is further noted that the cooling rate of a soot particle is
proportional to its surface area/volume ratio, which can be expressed as

~ . Thus, smaller

soot particles cool down faster, creating a bias towards larger soot particles when a long gate
width is used. Two gating approaches, namely prompt and delayed gatings, have been adopted
by various researchers [119, 120, 123] for the LII signal. In the prompt gating approach, the gate
width opening time is right at the peak of the LII signal. After this peak the cooling process
starts. Although the advantage of this approach is that the LII signal avoids the bias created by
the particles of larger sizes, however it cannot avoid interferences due to the C2 emissions. In the
delayed gating approach, the gating starts after rapid cooling process is over in the LII signal,
e.g., around 40 ns in Fig. 2.4. This gating approach is capable of avoiding the C2 interferences;
however, it tends to include bias due to the slower cooling rate of larger soot particles as
discussed earlier. Therefore, a balanced approach of choosing a setting between prompt and
delayed gatings was adopted herein to optimize the LII signal [119, 120, 123].
As mentioned earlier, at the onset of the sublimation process, the C2 emissions due to
fluorescence process start, but such interferences have a very short lifetime of approximately 5
ns scale. Since the LII signal peaks at 20 ns, as shown in Fig. 2.4, in the present study the LII
data were measured at a gate delay of 25 ns for the atmospheric pressure measurements. This
further 5 ns delay from the peak LII signal was found to be adequate in avoiding the C 2 Swan
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band interferences from vaporized soot particles. In addition, a gate width of 80 ns was selected
to avoid the particle size bias in the LII signal. This gate width was not shortened further as it
was observed that the 80 ns gate width was sufficient in providing strong LII signals for all the
flame conditions investigated in this study. This gate width was determined by making a
comparison of the LII measurements with the LE measurements for varying gate widths. It was
found that for our system, and the 80 ns gate width showed a very good agreement between LE
and LII measurements. The LE calibration has been described in details in the Section 2.3.
To examine the dependence of the LII signal on varying laser fluence, the laser pulse energy
was varied with adjustments of Q-switch delay of the Nd:YAG laser. Laser fluence was
calculated as per standard practice of fluence per pulse energy [123]. Since there are soot
particles of different sizes and the cooling rate of a particle is dependent on the particle diameter,
the LII signal from particles of different sizes may have varying response to the laser fluence.
Hence, when determining experimentally-viable laser fluence, the LII signal was integrated for
the entire flame, including soot particles of various diameters, so that the spatially-integrated LII
signal addresses any bias due to varying particle sizes. This LII profile versus laser fluence has
been shown to be independent of the gate width and the fuel type, as shown by Shaddix and
Smyth [123] for methane and ethylene flames, and 19 ns and 85 ns gate width. Another type of
pressure independence has been demonstrated by Hofmann et al. [106] for this same profile.
Thus, the LII versus fluence holds good for the different fuels, varying fuel loading, pressure and
other parameters due to an insignificant change in the soot morphology, particle diameter, and
soot composition. Figure 2.5 shows that an increase in laser fluence results in stronger integrated
LII signal, due to the increase in temperature of the soot particles. When the internal energy
increases up to a certain point, soot particles attain a temperature where sublimation process
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starts, and further increasing the laser fluence does not increase the integrated LII signal anymore
[119, 121, 122, 124]. Again, the integrated LII signal in Fig. 2.5 is normalized with the
maximum value. As shown in Fig. 2.5, LII signal saturates for the laser fluence beyond a
threshold value of ~0.50 J/cm2. Selecting laser fluence below the threshold value leads to
unwanted LII signal-to-signal variation as the soot particle heating process has not yet attained
the steady state [120, 123]. Hence, the laser fluence of 0.58 J/cm2 was chosen for the current
experiments. We further note that in Fig. 2.5 a decrease in the LII signal beyond 0.6 J/cm2 is
observed, which may be caused by the particle size reduction due to the sublimation from the
surface of the soot particle at higher fluence [125]. As the laser sheet passes through the flame,
some of the laser energy is absorbed by the soot particles along the pathway. This absorption
may result in bringing the laser fluence below the threshold value across the flame. However, as
it is evident from the symmetrical profile of the LII signal shown in Fig. 3.1 (to be discussed in
due course in Section 3.2) that the laser fluence of 0.58 J/cm2 was sufficient to maintain the laser
fluence above the threshold value. Statistical measurements of 20 frames were taken, which were
averaged. Each frame is recorded after the trigger from the laser for each laser pulse, hence shot
to shot variation effect of laser energy is taken into the account. These averaged signals have
been compared with the LE measurements using abel’s inversion and a good agreement has been
observed. This is discussed and shown in details in Section 3.2.
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Figure 2.5: Fluence dependence of normalized integrated LII signal measured for an ethylene
flame.
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A narrow band filter centered at 450±10 nm was used for the present LII measurements.
This detection wavelength was selected to avoid/minimize the C2 Swan band emissions [123].
Polycyclic aromatic hydrocarbons (PAHs) are also known to absorb laser in the UV and visible
range, and their fluorescence signals are red shifted [126]. In particular, absorption of 532 nm
wavelength laser light by PAHs would emit fluorescence at wavelengths greater than 532 nm.
Thus, the use of this narrow band filter centering at 450 nm for LII detection also avoids the
PAH fluorescence [126]. We further note that blue-shifted laser induced fluorescence (LIF)
signal has been observed in recent studies [129, 130]. Especially, Bejaoui et al. [129] showed
that excitation at 532 nm results in fluorescence emission in the range of 370–720 nm. However,
since LIF signal is typically short lived (~10 ns), the use of delayed gating of 25 ns in the present
LII measurements can avoid the potential interference of blue-shifted LIF signals. The avoidance
of the noise due to these discussed possibilities of fluorescence sources has been confirmed by
comparing the LII measurements with LE measurements for varied fuels and experimental
conditions. A good agreement between the LII and LE signals shows that the chosen parameters
to avoid the effect of fluorescence were sufficient. In Section 3.2 this calibration process between
LII and LE techniques has been discussed in details.
There have been many theoretical and experimental studies conducted to correlate the LII
signal with the soot volume fraction. Primary soot particle sizes are small enough to fulfill the
, with =532 nm. Following the study of [127],

critical Rayleigh criterion of scattering,

Eq. (1) defines the theoretical approach of LII measurement:
∫

( ) ( )∫

( ) (

where LII is the LII signal intensity,

)

(

)

is the soot particle number density,

mass concentration as a function of time,

(1)
( ) denotes the

( ) is a window function representing the signal
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collection gate width, whose duration is ,

( ) is the relative response of the detector and the

filter used, which is a function of detection wavelength, (

) is the emissivity of soot particle,

which is a function of soot particle diameter and detection wavelength, and

(

) denotes

spectral radiance which is a function of wavelength and absolute temperature . Further, the LII
signal in Eq. (1) is shown by [122] to be proportional to the soot volume fraction,

, as

expressed in Eq. (2):
(2)
Theoretical model developed by Melton [128] using the energy balance equation for soot
particles has shown that the LII signal detected at wavelength λdet (in µm) is proportional to
. Selection of λdet=0.450 µm brings the LII signal to be proportional to

, i.e. the

soot particle volume. A good agreement has been shown between the soot volume fraction
measured using the laser light extinction technique and the LII results using 450 nm (0.450 µm)
detection wavelength [120, 122]. Experimentally, many studies e.g., [122, 126] have also shown
that the LII signal is proportional to the soot volume fraction.
Important questions relating to the application of the LII technique at high pressure need to
be addressed. Regarding the interference from the PAH fluorescence signal, the use of an
appropriate narrow-band filter, as well as settings in gate width and time delay, to avoid such an
interference have been discussed in [131, 132]. Since the increase in pressure increases the PAH
fluorescence quenching rate, the PAH fluorescence signal decreases. As such, the interference (if
any) in the LII signal due to PAH fluorescence decreases with increasing pressure. Regarding the
choices of gate delay and gate width for LII signal detection, it is noted that the time-resolved LII
signal is dependent on pressure, as described in [131, 133-135]. After reaching the peak intensity
because of laser heating, this time-resolved LII signal decay rate is controlled by the heat
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conduction mechanism. The heat conduction depends on the local gas kinetics conditions, and is
determined by the pressure dependency of the mean free path and soot particle diameter [98].
Due to the vaporization dominant heat loss mechanism [134, 135], the time-resolved LII signal
decays are self-similar during the first 30 ns at all investigated pressures. Beyond 40 ns, the LII
signals show a mono-exponential decay, which is dominated by the heat conduction as shown in
Fig. 2.4. During this mono-exponential decay regime, the LII signal profiles are shown to
diverge with pressure, as the conduction rate is higher for higher pressure. To avoid pressure
dependence on the LII signal, it has been suggested [135-138] that the data to be taken are within
the initial 30 ns of decaying, i.e. the vaporization dominant heat loss regime. In the current work,
the gate width was kept at 30 ns, but with a delay of 5 ns after the peak LII signal to avoid the
interference from the C2 emisisons [131]. Nevertheless, the present 30 ns window for collectiong
the LIII signal is during the pressure-independent, sublimation cooling process. As this gate
width of 30 ns is smaller than 80 ns used in our previous study [131], a higher ICCD camera gain
needs to be properly set in order to ensure a good strength of the LII signal, as well as avoid any
spillover of the electronics noise in the ICCD detector. All the settings were optimized so that the
current LII signal strength was similar to that of [131]. Furthermore, 20 LII images were
averaged in this study.
A plot of LII signal versus laser fluence shows a maximum plateau region as described in
[131] and the laser fluence is supposed to be in that plateau region for it be immune to the laser
fluence effect [131, 132]. This plateau is envisaged to shift with the increase in pressure as the
conduction rate increases and as per the Clausius-Clapeyron principle the vaporization
temperature also increases. The laser heating is supposed to be in equilibrium with the particle
cooling for the LII signal to be proportional to the soot volume fraction measurement [128].
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However, contrary to this Clausius-Clapeyron principle and hence the vaporization temperature
effect, experimental measurements by [136, 139, 140] have shown that there is no systematic
change in the dependence of the LII signal versus laser fluence within the investigated pressure
range of 1‒15 atm. This independence is explained by the importance of non-equilibrium effects
such as thermal annealing, delayed vaporization, superheating, stephan flow, and plasma
formation [106]. In the current experiments, the laser fluence was therefore chosen as 0.58 J/cm2,
as discussed in details in [131]. Experimental measurement by Hofmann et al. [106] has also
shown that the calibration using the light extinction (LE) technique for the LII measurements did
not show any pressure effect. The calibration process using the LE technique conducted at
elevated pressure in the current study will be shown and discussed later in detail.
2.3 Laser light extinction (LE)

The light extinction (LE) technique, shown in Fig. 2.6., is a traditional in-situ non-intrusive
diagnostics to measure the soot volume fraction quantitatively [128, 141]. This technique is a
line-of-sight measurement. Here, a helium-neon (He-Ne) laser was used, which provided
continuous laser beam at 632.8 nm wavelength. As such, this light extinction technique also
relies on the Rayleigh absorption criterion discussed earlier.
The He-Ne laser beam was focused in the flame using a biconvex lens of focal length =170
mm. A mechanical chopper was used to modulate the laser beam at 1000 Hz, and a photodetector
was used to detect the signal. In order to prevent the noise in the signal due to the flame
luminosity and the room light, a laser line interference filter centered at 632 nm was installed in
front of the detector. The reference frequency of laser beam modulation from the mechanical
chopper was sent to a lock-in-amplifier. Only the laser signal at 1000 Hz was processed by the
lock-in-amplifier, rejecting any noise present in the signal. Then, the signal from the lock-in23

amplifier was read in a computer using the LabView software to determine the absorption ratio.
A vertical translation stage with minimum step size of 0.01 mm was used to adjust the height of
measurement in the flame. A horizontal translation stage with minimum step size of 0.01 mm
was also used to scan the flame radially.

Figure 2.6: Schematic of experimental setup of counterflow non-premixed flame with LE laser
diagnostic technique used for the calibration.
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The absorption of laser light across the flame in the finite path length,

, as per the

Bouguer’s Law, is given by Eq. (3):
(3)
where

is the intensity of the incident laser beam,

absorption by soot particles, and

is the intensity of laser beam after

is the extinction coefficient. As the scattering is small

compared to the absorption in the Rayleigh limit,

is approximated by the following

expression:
( )

( )

( )

( )

(4)

( ) is the absorption coefficient,

In Eq. (4),

distance from the center of the flame, and
particles,

is the laser beam wavelength,

is the radial

( ) is the function of refractive index of soot

, as defined by Eq. (5):

( )

(

)

(5)

Employing Abel’s inversion to transform Eq. (4), a relationship for the local absorption
coefficient and the soot volume fraction can be established as follows:
( )
where

(

∫
)

[

( ( )⁄ )]

is along the optical path and

the current measurements is

(6)

√

is the radius of the flame. The refractive index used for
, which is widely used in the literature e.g., [142,

143]. This refractive index has been validated against a wide range of fuels and flame
environments [142-149]. Other refractive index values reported in the literature include
[150] and

[151]. Using these two refractive index values of

[150] and [151], calculations based on Eq. (5) show that the value of

( ) would differ by a

factor of 0.74 and 1.436, respectively. In a study on oxygenated ester fuels [152],
25

was used. Based on the refractive index value of [152], the value of ( ) would differ by
a factor of 1.008. Nevertheless, the soot formation ranking determined by using either of these
refractive index values would be unaffected.
2.4 Planar laser induced fluorescence (PLIF) for the PAH measurements

For the PAH measurements, planar laser-induced fluorescence (PLIF) technique was used,
involving a Nd:YAG-pumped dye laser (Continuum ND 6000) and a UV tracker (Continuum
UVT-1), in addition to the equipments and instruments used for the LII measurements. The
schematic for the present PAH-PLIF experimental setup is shown in Fig. 2.7. In the dye laser, the
Rhodamine-590 dye was used, which has an emission peak wavelength at 560 nm. The grating in
the dye laser was adjusted to 566 nm output, and then the UVT was used to frequency double the
laser beam output from the dye laser to achieve a UV laser beam at 283 nm wavelength. Two
UV cylindrical lenses, plano-concave ( = –25 mm) and plano-convex ( = 300 mm), were used
to create a laser sheet.
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Figure 2.7: Schematic of experimental setup of counterflow non-premixed flame with PAH-PLIF
laser diagnostic technique.
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Since a relatively low laser fluence for the PAH-PLIF measurements was maintained at 250
mJ/cm2 to avoid the incandescence of soot particles [73], it circumvented the noise due to the
soot incandescence in the PAH-PLIF signal. In both the LII and PAH-PLIF techniques, the laser
sheet was passed through the centerline between two opposed nozzles. In the LII measurements,
the ICCD camera detected 450 nm signal that was part of the broadband radiation generated by
the soot particles. Reasons to select the 450 nm detection wavelength for the LII experiments
were delineated in [131]. Detection wavelenghts of 334 nm, 400 nm, 450 nm, and 492 nm were
used in the PAH-PLIF experiments. Further details on mapping these detection wavelegths to the
aromatic ring sizes of PAHs will be discussed in due course. In both the LII and PAH-PLIF
experiments, 3 sets of 20 images were averaged to take the measurements. In these experiments
all the filters used for detection were narrow band-pass filters (FWHM = ±10 nm), which
ensured minimal interference in the detected signal due to the other noise sources. With the
current optical setup, the spatial resolution was 0.0384 mm/pixel.
Since the LII technique used here has been described in detail elsewhere [131], the present
focus is on the description of the PAH-PLIF technique for PAH measurements. The theoretical
background behind the PAH-PLIF technique is as follows. The PAH molecules are known to
have good absorption cross sections over a wide range of excitation wavelengths from UV to
visible [153]. Upon absorbing the UV excitation provided by the lasers, these PAH molecules
undergo ro-vibronic transitions from the electronic ground state (S0) to electronic excited states
(S2 or higher). Then from these excited states, these PAH molecules relax to the electronic state
S1 by the internal conversion and the ro-vibrational relaxation processes. Further, these excited
PAH molecules provide fluorescence by relaxing back to the ro-vibrational levels of S0 [154,
155]. In addition, the emission wavelength from an excited PAH molecule depends on the
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number of aromatic rings this molecule possesses, while the emission wavelength is larger for a
molecule with higher number of aromatic rings [154-156]. It is also known that the emission
characteristics of the PAH molecules do not vary for an excitation wavelength in the range of
265–297 nm [156]. Researchers have attempted to provide quantitative measurements for the
PAHs with limited success, as it is difficult to make a spectral distinction between aromatics,
with the same number of rings, but different chemical structures [155, 157], due to the broadband
nature of emission spectra from these PAHs.
The optical diagnostic technique adopted here for the PAH measurements faces challenge as
the signals of the PAH fluorescence and the LII overlap spectrally [155-159]. Moreover, the UV
excitation used for the PAH-PLIF can be absorbed by the soot particles [155-159]. To resolve
this, the following twofold steps were taken. First, the laser excitation energy was controlled to a
low fluence to avoid the incandescence of the soot particles [73, 159]. As mentioned earlier, the
UV laser fluence was kept at low level of 250 mJ/cm2 in the present study. Second, the detection
of the PAH fluorescence signal was accomplished by integrating the prompt fluorescence signal,
in a short detection gatewidth of 30 ns, right after the absorption of the laser pulse. This detection
gated width has been chosen based on the one used in the Refs. [73, 131, 159], which is selected
by making a comparison with other detection gate widths. Since the fluorescence signal is short
lived, hence compared to the LII signal, the shorter detection gatewidth avoids the noise due to
the LII signal (if any). Furthermore, researchers have provided the spectral resolutions for the
PAH molecules by grouping them according to the number of the aromatic rings. It has been
shown that the signals of 2- and 3-aromatic ring PAHs (naphthalene, anthracene, and derivatives)
attribute to a wavelength close to 330 nm [160-162]. Using several ethylene coflow flames with
different partially-premixing levels, McEnally and Pfefferle [163] compared the PAH-PLIF
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signals for naphthalene (C10H8) with its concentrations measured using the photoionization/timeof-flight mass spectrometer (PTMS), and demonstrated that the PAH-PLIF signals provide
qualitative measurements of the naphthalene concentrations. To detect 2- and 3-ring aromatics, a
detector of 334 nm wavelength was used in the current study. In addition, the detection
wavelength of 400 nm has been known to correspond to the 4-aromatic ring (A4) such as pyrene
(C16H10) [164], and hence it was used to detect the 4-ring aromatics. The other two detection
wavelengths of 450 nm and 492 nm qualitatively represent the larger ring PAH molecules [156,
165]. These wavelengths have not been directly related to the PAH ring sizes, as for the longer
detection wavelengths the spectral separation of the fluorescence signals from large PAHs
becomes complex [156, 160, 165]. It was observed in [158, 166-170] that the PAH fluorescence
signal using the 500 nm detection was spatially closest to the LII signal. As such, in our study, a
492 nm detection wavelength represents large PAH molecules formed right before the soot
particle formation, which will be demonstrated later.
For the PAH measurements at elevated pressure conditions, although the quenching
effect would result in pressure broadening at elevated pressures, the PLIF measurements are used
in this study for broader qualitative measurements as previously adopted by Menon [171]. Due to
the lack of information on the quenching rate databases for the PAHs, quantitative measurements
are not feasible [171]. The quantitative measurements of these PAHs are also limited due to the
lack of information on the detection wavelengths to spectrally-resolve those species with the
same number of aromatic rings, but different chemical structures [156].
2.5 Definitions of stoichiometric mixture fraction, strain rate and pressure-weighted strain
rate

The stoichiometric mixture fractions,

, defined as:
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(

)

(

) (

)

(7)

for different mixture conditions are also listed in Table 2. In Eq. (7),
fuel at the fuel stream boundary,
and

is the mass fraction of

is the mass fraction of O2 at the oxidizer stream boundary,

are the molecular weights of fuel and O2, respectively,

stoichiometric coefficients of O2 and fuel, respectively, and

and

and

are the

are the average

molecular weights of the mixtures at the oxidizer ( = ) and fuel ( =0) stream boundaries,
respectively. In combustion theory, the mixture fraction is a normalized coupling function with
the mixture fractions of 0 and 1 defining the oxidizer and fuel stream boundaries, respectively
[172]. In the flame sheet limit, combustion is considered to be stoichiometrically concentrated
and completed at the mixture fraction value of

.

Soot formation is a rate-limiting process, and hence it depends on the strain rate that
characterizes the residence time experienced by the reactants in the combustion zone of a
counterflow non-premixed flame. A higher strain rate implies a shorter residence time
experienced by the combustion reactions. In this study, since the nozzle-generated exit flow is
plug-like, the global strain rate ( ), based on the relation of Seshadri and Williams [173]:
(

√
√

)

(8)

is used to represent the strain rate effect. In Eq. (8),

is the bulk velocity at the nozzle exit,

is

the density, and the subscripts 0 and L represent the fuel ( =0) and oxidizer ( = ) stream
boundaries, respectively. Equation (8) also takes the effects of varying density at two boundaries
into account.
Since the effects of pressure on the soot formation process have also been investigated in this
study, it is required to isolate the change in the overall flame structure due to the pressure
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variation to make the comparisons. Kreutz and Law [174] has shown that the width of the mixing
layer in the counterflow non-premixed arrangement scales as (

)

, such that for a constant

strain rate K, the change in ambient pressure will result in appreciable variation in the overall
flame thickness (in terms of temperature and concentration profiles). Thus, in order to isolate the
chemical effect of pressure variation from the effect of flame structure variation, the strain rate
must be set such that the overall flame thickness remains approximately constant. This can be
accomplished by the use of the pressure-weighted strain rate, as used experimentally in the work
of Fotache et al. [175], and defined in Eq. (5) below:
,

where

(9)

is the pressure-weighted global strain rate,

pressure, taken throughout this work as 1 atm, and

is the chamber pressure,

is a reference

is the global strain rate as defined in Eq.

(8).
2.6 Computational specifications

The counterflow flames were simulated using the OPPDIF module in CHEMKIN-PRO [169],
which is based on the plug-flow formulation of Kee et al. [170]. The counterflow flame model
includes the GAS-PHASE KINETICS subroutine library and TRANSPORT package
subroutines. Although a detailed soot modeling considering soot particle inception, coagulation,
and growth, such as in Refs. [8, 78, 90], were not incorporated here, the computed spatiallyresolved profiles of soot precursors (e.g., C2H2 and C3H3) using the literature reaction
mechanisms for butane and butanol isomers would still provide insight into the sooting
propensity ranking for the fuels of interest. In addition, these literature reaction mechanisms
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were used to make a comparison of the reaction pathways of fuel breaking and key soot
precursors such as C2H2 and C3H3.
To simulate butane and butanol flames for soot formation process, detailed in Chapter 3,
three mechanisms were used. To simulate butane flames, the chemical kinetic models of USC
Mech II [1] and Merchant et al. [3] were used. The USC Mech II [1] consists of 111 species and
784 reactions, and is relevant to high-temperature oxidation of hydrogen, carbon monoxide, and
C1−C4 hydrocarbons. The chemical kinetic model of Merchant et al. [3] consists of 372 species
and 8723 reactions, and was also used for both butane and butanol flame simulations. Another
chemical kinetic model used for simulating counterflow flames of butanol isomers was that of
Sarathy et al. [2], consisting of 426 species and 2335 reactions.
The OPPDIF simulations for the PAH formation for butane and butanol flames which are
detailed in Chapter 4, were performed by adopting the Primary Reference Fuels + PAH +
Alcohols + Ethers mechanism (Version POLIMI_PRF_PAH_ALCOHOLS_ETHERS_HT_1412,
December 2014) of the Chemical Reaction Engineering and Chemical Kinetics (CRECK)
Modeling Group [4-7]. This mechanism was employed in the current study because it can predict
the formation of soot precursors up to the four-ring aromatics for butane and butanol isomers.
The mechanism includes 317 species and 12353 reactions, and is referred as the POLIMI
mechanism hereafter. While a detailed soot modeling considering the soot particle inception,
coagulation, and growth processes was not incorporated herein, the computed spatially-resolved
profiles of those PAHs included in the POLIMI mechanism would still provide insight into the
PAH/soot formation for the C4 fuels investigated.
The OPPDIF simulations at elevated pressures for ethylene counterflow non-premixed
flames were performed by adopting a reaction mechanism for ethylene combustion and PAH
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formation, growth, and oxidation. The mechanism was taken from Wang and Frenklach [8],
including the modeling of Wang et al. [176-178] for aromatic formation, growth, and oxidation;
this mechanism is denoted the WF-PAH mechanism hereafter. The WF-PAH mechanism
includes 99 species and 533 reactions, and can predict the formation of soot precursors up to the
four-ring aromatics. While a detailed soot modeling considering the soot particle inception,
coagulation, and growth processes was not incorporated herein, the computed spatially-resolved
profiles of those PAHs included in the WF-PAH mechanism [8] would still provide insight into
the PAH/soot formation for the ethylene non-premixed flames investigated here.
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Chapter 3: Soot formation in butane and butanol isomer flames

3.1 Introduction

Counterflow non-premixed flame is known to provide an aerodynamically-clean and wellcharacterized configuration for experiments and simulations. With judicious mixture
compositions for the fuel and oxidizer streams, the resulting non-premixed flame can be situated
at different locations relative to the stagnation surface so that it is possible to separate the
processes of soot formation and oxidation for further characterization. In this study, the sooting
behavior of butane and butanol flames have been characterized and determined by measuring
their spatially-resolved soot volume fraction profiles.
Previously, Camacho et al. [71] studied the sooting characteristics of n-butane, iso-butane,
n-butanol, and iso-butanol in a burner stabilized stagnation premixed flame configuration to
investigate the impact of fuel bound hydroxyl group, as well as the effect of fuel structure. They
found that under the same C/O ratio, butanol flames nucleate sooner than butane flames. It was
concluded by Camacho et al. [71] that the sooting behavior in the premixed flames at the
nucleation stage can be predicted by the soot precursors, while at the mass growth stage the
relationship between the predicted benzene concentration and the sooting behavior becomes less
clear, considering the complexity of soot formation process. McEnally and Pfefferle [179]
studied the sooting behavior of butanol isomers by doping 3500 ppm of each of butane and
butanol isomers in a coflow methane-air non-premixed flame. They found that benzene
formation is directly linked to propargyl (C3H3) species concentration. It is noted that both the
studies of Camacho et al. [71] and McEnally and Pfefferle [179] have focused on the incipient
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soot formation process. To our knowledge, none of the literature studies have been conducted to
investigate the soot formation of these butanol isomers in a non-premixed counterflow flame
configuration, and all the butanol isomers have not been compared with the butane isomers in
such a sooting flame configuration.
Various techniques of soot measurement, such as gravimetric sampling, condensation
particle counters, differential mobility particle sizer, and transmission electron microscopy using
thermophoretic sampling, have been developed [180]. These techniques rely on the collection of
soot particles manually, examining them by their physical parameters, such as weight, particle
mobility in an electric field, etc., and the use of a microscope. As such, these sampling
techniques are time consuming and some of them are intrusive. Faster, non-intrusive optical
techniques have been developed to characterize soot formation in combustion. Two such laserbased techniques of soot particle measurements, namely Laser Induced Incandescence (LII) and
Light Extinction (LE), have been used for the quantitative soot volume fraction measurements.
In particular, the use of planar LII imaging in conjunction with line-of-sight LE calibration
technique provides very fast, quantitative, and spatially-resolved soot volume fraction
measurements.

3.2 LII signal calibration

The calibration for the present LII signal was performed using counterflow non-premixed
ethylene and n-butanol flames. The fuel stream was composed of a fuel/N2 mixture with the fuel
mole fraction of

=0.28 for the ethylene flame and

=0.29 for the n-butanol flame, while the

O2/N2 oxidizer stream for both the flames was maintained at an oxygen mole fraction of
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=0.90. For the experimental conditions, a yellow luminous sooting zone was observed
towards the fuel nozzle followed by a thin blue flame towards the oxidizer nozzle.
Figure 3.1(a) plots the radial profiles of soot volume fraction at five different axial locations
( ) from the bottom fuel nozzle for the ethylene flame and Fig. 3.1(b) shows such profiles at
three axial locations for the n-butanol flame. In Fig. 3.1, the solid symbols/black lines represent
the LE measurements using the abel’s inversion and the hollow symbols/gray lines represent the
LII signals. Firstly, the LII signal, averaged over 20 images, was compared with the quantitative
measurement of soot volume fraction at the ‘Calibration Point’ indicated in Fig. 3.1 (a), with the
comparison made for =3.35 mm, for the ethylene flame. With the similar process for the nbutanol flame, the LII signal was also compared with the quantitative measurement of soot
volume fraction at the ‘Calibration Point’ indicated in Fig. 3.1(b), with the comparison made for
=4.84 mm. Calibration factors were calculated with these comparisons. The calibration factor
values were 3.05108 and 3.11108 for the ethylene and n-butanol flames, respectively. The
similarity of these two values indicates that the experiments compare well for non-oxygenated
(ethylene) and oxygenated (n-butanol) flames. Using the calibration factor for each flame, the
quantitative values for the LII signals at other (

) locations were then calculated. It can be seen

from Fig. 3.1 for both the ethylene and n-butanol flames that the radial distributions of soot
volume fractions determined from both the LII and LE techniques compare well for all the other
axial locations. Another aspect of comparing the radial distribution is its symmetry, thereby
suggesting that the variation in optical properties of soot is deemed insignificant as the soot
volume fraction distributions compare well.

37

Ethylene, XF = 0.28, XO2 = 0.90

4×10-7

3.23
3.31
3.35
3.51
3.63
3.23
3.31
3.35
3.51
3.63

Calibration Point

(a)

Soot Volume Fraction

z (mm)

3×10-7

2×10-7

1×10-7

0
-12

-8

-4

0

4

8

12

Radial Distance (mm)
n-Butanol, XF = 0.29, XO2 = 0.90

1.5×10-6

4.76

(b)

Soot Volume Fraction

z (mm)

Calibration Point

1.25×10-6

4.84

1×10-6

4.76

7.5×10-7

4.92

4.92
4.84

5×10-7
2.5×10-7
0

-12

-8

-4

0

4

8

12

Radial Distance (mm)
Figure 3.1: Soot volume fraction profile comparison of LII and LE measurements for (a) a
counterflow ethylene flame at five different heights and (b) a counterflow n-butanol flame at
three different heights, where z represents the distance from the fuel nozzle. Solid symbols/black
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lines for LE measurements using abel’s inversion and hollow symbols/gray lines for LII
measurements.
With the above-mentioned calibration, the use of LII technique facilitates the mapping of
soot volume fraction distribution profiles as shown in Fig. 3.2 for the ethylene flame. It is seen
that the overall soot volume fractions increase from =2.99 mm to =3.35 mm (cf. Fig. 3.2(a)),
and then decrease from =3.35 mm to =3.71 mm (cf. Fig. 3.2(b)). As such, Fig. 3.2 (a)
represents the soot inception and growth zone, while Fig. 3.2 (b) represents the soot oxidation
zone. At the onset of soot formation, more soot is formed at the radially outward locations than
the center, as shown in Fig. 3.2 (a). This is due to longer residence time in the radially outward
locations than the center. Moreover, this higher residence time provides more time to the soot
formation and growth process. Figure 3.2 (a) also shows that the amount of soot formed
increases while moving upwards (towards the flame), both at the center and radially outward
locations. Further moving upwards from =3.35 mm to =3.47 mm, Fig. 3.2 (b) shows that
although the amount of soot continues to grow near the center, the amount of soot decreases at
the radially outward locations. This is due to less availability of fuel in the radially outward
direction as it is consumed rapidly and possibly diluted by the shroud flow. Then moving
upwards from =3.51 mm, the overall soot volume fractions decrease due to oxidation, both at
the center and radially outward locations.
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Figure 3.2: Soot volume fraction distribution in a counterflow ethylene flame: (a) soot formation
and growth zone (b) soot decomposition and oxidation zone, where z represents the distance
from the fuel nozzle.
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Similar trend of soot volume fraction distributions in the counterflow non-premixed
configuration as Fig. 3.2 was also observed for other fuels investigated in this study. However,
only the axial variations of soot volume fraction along the centerline will be presented and
compared in the following discussions.
3.3 Soot volume fraction results with fuel loading, oxygen level, and strain rate variation

In order to assess the molecular structure effects on soot formation in butane and butanol flames,
soot volume fraction profiles for these flames were measured and compared in the current nonpremixed counterflow burner facility. The exit temperatures of the fuel and oxidizer nozzles
were maintained at Tin=400 K. Moderately sooting flame conditions were chosen in this study, as
the LII measurement technique is not suitable for heavily sooting flames. This is because that
under heavily sooting conditions the laser fluence threshold cannot be maintained for the entire
measurement domain due to the absorption of the laser power by the soot particles. It is also
noted that for lightly sooting flames, the sparse density of soot particles results in weaker LII
signal strength, which would not be sensitive enough for the LII measurements. Based on the
above considerations, experimental conditions of

=0.21−0.29 and

=0.70−0.90 for the fuel

and oxidizer streams, respectively, were employed.
Table 2 lists the calculated adiabatic flame temperatures (Tad) for all the tested fuels at
varying

and

using the thermodynamics database of Merchant et al. [3]. While the

reaction kinetics of fuel pyrolysis and oxidation, aromatics formation, PAH mass growth and
oxidation, and soot chemistry are temperature sensitive, for a given set of

and

the slight

differences in Tad, within the isomers and between butane and butanol, are not expected to have
an impact on the soot formation processes in different fuels. For all the mixture compositions
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<0.5, as shown in Table 2, and hence the “flame sheets” are all situated

investigated herein,

on the oxidizer side of the stagnation plane. Although
effect on soot formation [181-185], for a given set of

has been shown to have a significant
and

the difference in

due to the

small differences in molecular weights and stoichiometric coefficients for butane and butanol is
not significant. Therefore, when comparing the sooting propensity, the effect of

on the soot

volume fraction is not considered in the present study.
Table 2: Calculated adiabatic flame temperatures (Tad) and stoichiometric mixture fractions (Zst)
for the mixture conditions investigated in the present study.
Fuel
Stream

0.21
0.22
0.23
0.24
0.25
0.26
0.27
0.28
0.29
0.29
0.29

Oxidizer
Stream

0.79
0.78
0.77
0.76
0.75
0.74
0.73
0.72
0.71
0.71
0.71

0.90
0.90
0.90
0.90
0.90
0.90
0.90
0.90
0.90
0.80
0.70

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.20
0.30

Adiabatic Flame Temperature
(K)
nisonisobutane butane butanol butanol
2944
2941
2898
2895
2949
2947
2904
2901
2955
2952
2910
2907
2961
2958
2915
2912
2966
2964
2921
2918
2972
2969
2927
2924
2978
2975
2933
2930
2984
2981
2939
2936
2989
2987
2945
2942
2958
2955
2915
2912
2919
2916
2877
2874

Stoich. Mixture
Fraction
secbutanol
2892
2898
2904
2910
2915
2921
2927
2933
2939
2909
2872

tertbutanol
2885
2890
2896
2902
2908
2914
2920
2926
2932
2902
2864

butane
isomers
0.417
0.408
0.399
0.391
0.384
0.376
0.369
0.363
0.357
0.333
0.307

butanol
isomers
0.460
0.451
0.443
0.436
0.429
0.422
0.415
0.409
0.404
0.379
0.351

The soot volume fraction profiles along the centerline of various flames at the experimental
conditions of

=0.29,

=0.90, and

=57 s-1 ( = =14.9 cm/s) are presented and compared

in Fig. 3.3. In Fig. 3.3 (a) the soot profiles for all the fuels are shown with a y-axis scale of
–

, while in Fig. 3.3 (b) these are shown using a y-axis scale of

–

so that the

profiles for n-, iso-, and sec-butanol can be more prominent. In general, the soot volume fraction
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profile can be divided into three zones, namely inception, growth, and oxidation for soot. The
soot inception zone exists towards the fuel side, where due to the higher concentrations of soot
precursors, initial single ring aromatics formation takes place. Further growth in soot is due to
various parallel pathways of soot formation and growth, such as aromatic condensation,
hydrogen-abstraction/carbon-addition (HACA), etc. The maximum soot volume fraction in Fig.
3.3 is attained near =4.85 mm from the fuel nozzle. After the peak, in the soot oxidation zone,
there is a decrease in the soot volume fraction along the centerline, as the soot particles are
oxidized due to high temperature.
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Figure 3.3: Spatial profiles of soot volume fraction measurements along the centerline for butane
and butanol isomers: (a) all the butane and butanol isomers (b) n-butanol, iso-butanol, and secbutanol isomers on an appropriate scale. Conditions: XF = 0.29, XO2 = 0.90, and K = 57 s-1.
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The sooting propensity for counterflow non-premixed flames can be ranked based on the
maximum soot volume fraction along the centerline of the flame [152]. As such, the sooting
propensities of butane and butanol isomers can be inferred from Fig. 3.3 as n-butane > iso-butane
> tert-butanol > n-butanol > iso-butanol > sec-butanol. In previous studies of [71, 179, 186-189],
the sooting propensities were defined by the measurements of the incipient soot particles or the
sooting limits. These studies generally noted a higher sooting tendency for butanols than butanes,
as well as a higher sooting tendency for the branched chain isomers than the straight chain
isomers. In addition, such observations at the incipient stage were found to be correlated with the
tendency of fuel to form soot precursors of acetylene and propargyl. In the current study, sooting
propensity is defined by comparing the maximum soot volume fractions in moderately sooting
flames involving complex soot growth pathways, such as soot particle nucleation, surface
reactions, coagulation, and oxidation [76, 190-195]. Based on the flame configuration (e.g.,
premixed versus non-premixed combustion or counterflow non-premixed versus coflow flames),
the sooting behaviors of fuels may also change [196]. Due to the complexities involved with the
soot formation process, the incipient soot formation stage may not be the rate limiting process
[197-200], and hence the difference in sooting propensity ranking.
With

=0.90 and

~57 s-1 ( = =14.9 cm/s), Fig. 3.4 further compares the sooting

propensities for butane and butanol isomers by plotting the maximum soot volume fraction along
the centerline as a function of

varying from 0.21 to 0.29. The error bars are plotted based on

twice the standard deviation of the repeated measurements. For all the fuels investigated, it is
observed that the maximum soot volume fraction increases as
and

is increased, while keeping

fixed. The increase in the fuel mole fraction increases the amount of soot precursors and

hence an increased soot volume fraction. Under the present experimental conditions, the
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observed sooting propensity ranking remains the same as in Fig. 3.3; however the slopes for
different fuels shown in Figs. 3.4 vary. Since the butane isomers have higher sooting propensity
than butanol isomers, this difference can be attributed to the presence of hydroxyl group (-OH) in
butanol isomers. Within the isomers, the sooting propensity differs and that can be attributed to
the structural differences in isomers. Those molecular structural effects on soot formation will be
discussed in due course.
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Figure 3.4: Maximum soot volume fraction measurements along the centerline for varying fuel
mole fractions: (a) all the butane and butanol isomers (b) n-butanol, iso-butanol, and sec-butanol
isomers on an appropriate scale. Conditions: XO2 = 0.90, and K = 57 s-1. Lines are connected to
guide the discernment.
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In Fig. 3.5 the effect of strain rate in the sooting zone for n-butanol is shown for
=0.90, and

=0.29,

=32−94 s-1 ( = =8.3–24.8 cm/s), by plotting and comparing the soot volume

fraction profiles along the centerline of the flames. As expected, both the sooting zone thickness
and the overall soot loading decrease with increasing strain rate due to the reduction in
characteristic residence time within the flame. Although not shown here, similar strain rate
effects were also observed for other fuels. In Figs. 3.6(a) and 3.6(b), the maximum soot volume
fractions along the centerline at varying strain rates are shown for the butane and butanol
isomers. Again, the experimental conditions were kept at

=0.29 and

=0.90. It is seen from

Figs. 3.6 that the maximum soot volume fraction decreases with an increase in strain rate for all
the fuels. Within the same isomeric class, it is of interest to note that the fuels exhibit
disproportionate decrease in maximum soot volume fraction with an increase in strain rate.
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Figure 3.5: Strain rate effect on soot volume fraction profile along the centerline for n-butanol
flames. Conditions: XF = 0.29 and XO2 = 0.90.
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Figure 3.6: Strain rate effect on maximum soot volume fraction along the centerline for butane
and butanol isomers: (a) all the butane and butanol isomers (b) n-butanol, iso-butanol, and secbutanol isomers on an appropriate scale. Conditions: XF = 0.29 and XO2 = 0.90. Lines are
connected to guide the discernment.
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Effects of change in oxygen mole fraction in the oxidizer stream on soot formation were
also measured. Figure 3.7 shows and compares the soot volume fraction profiles along the
centerline of the n-butanol flames for
values for

=0.29 and

=0.70−0.90. As listed in Table 2, the

of 0.70, 0.80, and 0.90 are 0.351, 0.379, and 0.404, respectively. An increase in

leads to an increase in

, indicating that the flame shifts away from the oxidizer boundary

and towards the stagnation plane. The shift in flame location results in a shift in peak
temperature location, which causes the location of maximum soot volume fraction to shift
towards the fuel boundary with an increase in

. In addition, while the overall thicknesses of

the sooting zone are comparable because of the same

= =14.9 cm/s and the resulting similar

strain rate values ( =57−60 s-1), Fig. 3.7 shows a slight increase of the maximum soot volume
fraction with increasing

.

51

n-Butanol, XF = 0.29

1.2×10-6

Soot Volume Fraction

XF = 0.90

1×10-6

K = 57 s-1

XF = 0.80
K = 59 s-1

XF = 0.70
K = 60 s-1

8×10-7
6×10-7
4×10-7
2×10-7
0
4.4

4.6

4.8

5

5.2

5.4

5.6

5.8

6

Distance from Fuel Nozzle (mm)

Figure 3.7: Oxygen mole fraction effect on soot volume fraction profile along the centerline for
n-butanol flames with XF = 0.29.
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Figure 3.8 demonstrates the variations of maximum soot volume fraction along the
centerline with

for these isomer fuels. Again, for clarity, in Fig. 3.8(b) n-, iso-, and sec-

butanol are shown which produce soot on a smaller scale and all the isomers are shown in Fig.
3.8(a). The experimental conditions investigated were for a fixed fuel mole fraction of
and varying oxygen mole fractions from 0.70 to 0.90. For all the fuels with an increase in

=0.29
, an

increase in the maximum soot volume fraction is observed. As shown in Table 2, the increase in
from 0.70 to 0.90 leads to an increase in

by ~70 K, thereby facilitating the fuel pyrolysis

to increase the amount of soot precursors and promote soot growth mechanisms. In addition, it
can be seen from Fig. 3.8 that the increase in the maximum soot volume fraction for these fuels
have a disproportionate response to the change in

. Such a fuel specific sooting response to

the increase in oxygen mole fraction is expected to be related to different fuel breakdown
pathways that are likely caused by the structural effects due to different bond strengths within
isomers and the presence of the hydroxyl functional group.
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Figure 3.8: Oxygen mole fraction effect on maximum soot volume fraction along the centerline
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guide the discernment.
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3.4 Isomeric structure effects on soot formation

It is established that the soot formation process is dependent on the gas phase chemistry of the
fuel, as the soot precursors such as acetylene (C2H2) and propargyl (C3H3) play important roles in
soot inception and growth chemistry. In addition, it is widely accepted that soot growth is a
complex process of competing reactions between HACA and aromatic condensations. Moreover,
the formation of soot precursors depends on the intermediate species formed during the fuel
breaking process.
To understand the effect of the presence of hydroxyl (-OH) group in butanol isomers on
sooting propensity, a comparison is made between butane and butanol isomers. Experimental
results of Fig. 3.4 show that under the investigated conditions butane isomers have a higher
sooting tendency than butanol isomers. As the butane isomers do not contain an oxygen atom,
the initial decomposition of butane isomers produces intermediates, such as ethyl, propyl, butyl,
iso-butyl radicals. The chemical structures for some intermediate species are given in Appendix.
Since these intermediate species do not contain an oxygen atom, further decomposition of these
intermediate results in butene, propene, and ethylene formation. Butene, propene, and ethylene
easily convert into soot precursors such as acetylene and propargyl [179]. Longer chain species
like butene and propene are more likely to form propargyl, whereas the shorter chain species like
ethylene mostly forms acetylene [179]. On the other hand, due to the presence of a hydroxyl
group, a substantial amount of butanols decomposes to form oxygenated intermediate species.
These oxygenated intermediates further decompose to form aldehydes and ketones. As compared
to the butene, propene, and ethylene, aldehydes and ketones are relatively stable intermediates,
thereby producing less soot precursors. From the initial steps of fuel breaking, it can be inferred
that the route taken to form soot precursors by butane and butanol isomers would differ.
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Different fuel breaking pathways have been observed experimentally to lead to differences in
incipient soot particle formation e.g. [71, 179].
Strong structural effects within the butane and butanol isomers were observed in the present
experiments. Figure 3.4(a) shows that n-butane has higher sooting propensity than iso-butane.
Initial fuel breaking of n-butane due to direct decomposition and H-abstraction produces methyl,
ethyl, propyl, and butyl radicals. On the other hand, initial breaking of iso-butane takes a
different route in comparison to n-butane, and produces methyl, propyl, and iso-butyl radicals by
direct decomposition and H-abstraction. Since different initial fuel decomposition pathways are
expected to lead to the dissimilar amount of soot precursors, there could be two possible reasons
of n-butane exhibiting the greater sooting propensity. One of the possibilities is that n-butane
overall forms substantially larger amount of soot precursors than iso-butane. Another possibility
is that either of the HACA or propargyl recombination is highly competitive for n-butane. To
validate these possibilities further investigations would be required, such as tracking the
pathways of PAH growth or direct measurements of acetylene and propargyl precursors.
As per our experimental results in Fig. 3.4, amongst all the butanol isomers, the sooting
propensity ranking from the highest to the least follows tert-butanol, n-butanol, iso-butanol, and
sec-butanol. A closer look at the initial decomposition pathways for these fuels suggests that
these isomers would produce dissimilar amount of soot precursors. One of the pathways of fuel
breaking of tert-butanol is through the complex fission to eliminate H2O, as the hydroxyl group
in tert-butanol has nine neighboring hydrogen atoms available to form complex bonds [179]. In
the complex fission process the dissociation of fuel occurs by breaking and forming of multiple
bonds within the fuel [179]. The result of a complex fission process is to form iso-butene
intermediates. Other fuel breaking pathways for tert-butanol are through direct decomposition
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and H-abstraction to form the methyl, 2-hydroxy-2-methyl-propyl, tert-butoxy, and 1-hydroxy-1methyl-ethyl radicals. Most likely, the pathway of the soot precursor formation for tert-butanol
emanates from iso-butene, which converts easily into propargyl [28]. See the Appendix for the
chemical structures of some intermediate species. In contrast to tert-butanol, n-butanol takes
completely different initial fuel breaking pathways. Direct decomposition and H-abstraction are
the major initial fuel breaking pathways for n-butanol. After the first step of fuel breaking, it
produces methyl, ethyl, propyl, 2-hydroxy-ethyl, 3-hydroxy-propyl, 1-hydroxy-methyl, 1-butene,
3-hydroxy-1-methyl-propyl, 4-hydroxy-butyl, 1-hydroxymethyl-propyl, and 4-hydroxy-butyl.
Since iso-butanol has branched structure similar to tert-butanol, the complex fission process for
this isomer is one of the fuel breaking possibilities which results in iso-butene formation [179].
However, unlike tert-butanol, iso-butanol has five neighboring hydrogen atoms to form a
complex bond so the fuel breaking pathways for these two isomers differ. Apart from complex
fission, the fuel breaking pathways for iso-butanol are through direct decomposition and Habstraction. Initial breaking of iso-butanol through these pathways results in methyl, 2-hydroxy1-methyl-ethyl, 1-methyl-ethyl, 1-hydroxy-methyl, 3-hydroxy-2-methyl-propyl, 2-hydroxy-1methyl-ethyl, and 1-hydroxy-2-methyl-prophyl radicals. Lastly, the availability of one
neighboring hydrogen atom provides a complex fission pathway for sec-butanol to form 2-butene
and 1-butane intermediates [179]. Other breaking pathways for sec-butanol are also direct
decomposition and H-abstraction. These pathways lead to methyl, ethyl, 1-hydroxy-ethyl, 2hydroxy-2-methyl-ethyl, 3-hydroxy-3-methyl-propyl, 2-hydroxy-1-methyl-propyl, 2-hydroxybutyl, and 1-hydroxy-1methyl-propyl radical formation. Hence, from these fuel breaking
pathways it is expected that the amount of soot precursors formed by these isomers would not be
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similar, and the soot formation by these fuels can differ, which has been demonstrated in our
experimental results.
3.5 Fuel decomposition pathway analysis

Recognizing that the success of a chemical kinetic model in predicting the sooting tendency for a
fuel depends on its ability to predict the soot precursors, several literature gas-phase kinetic
models were employed to simulate the experimental conditions and their predicted results of soot
precursors were compared and discussed in the following. For butane isomers, two available
models compared were taken from USC Mech II [1] and Merchant et al. [3]. For
=0.90, and

=0.29,

=57 s-1 ( = =14.9 cm/s), computed spatially-resolved mole fraction profiles

of acetylene using these two chemical kinetic models are shown and compared in Fig. 3.9. For nbutane the peak acetylene mole fraction for the Merchant model is 0.045, whereas for the USC
Mech II it is 0.050. A comparison for iso-butane shows that the peak acetylene mole fraction
predicted by these Merchant and USC Mech II models are 0.038 and 0.049, respectively.
Although both of the models predict the higher acetylene mole fraction for n-butane than isobutane, the quantitative values have differences between the two models. In addition, the much
larger difference in the measured soot loading of butane isomers is not seen to match the
difference in the amount of soot precursors produced. This can be understood that as the soot
formation being a complex process of various reaction pathways, it may not correlate
proportionally with the predicted amount of precursors formed.
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Figure 3.9: Comparison of computed mole fraction profiles of acetylene for n-butane and isobutane isomers using the chemical kinetic models of (a) Merchant et al. [3] and (b) USC Mech II
[1]. Conditions: XF = 0.29, XO2 = 0.90, and K = 57 s-1.
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Similarly, when the mole fraction profiles of propargyl are compared for n-butane, as shown
in Fig. 3.10, the Merchant mechanism predicts a peak value of 0.0012, whereas for the USC
Mech II it is 0.00075. For iso-butane in Fig. 3.10, the peak propargyl mole fractions predicted by
the Merchant and USC Mech II models are 0.0015 and 0.0009, respectively. Although the trend
of iso-butane producing more propargyl than n-butane holds for both of the models, the amounts
predicted differ between the two models. Major initial fuel breaking pathways for the two
models are further shown and compared in Fig. 3.11 for n-butane and iso-butane. Overall, the
Merchant mechanism predicts that 41.3% fuel breaking is through direct decomposition of nbutane, wherein the USC Mech II shows a 25.5% contribution from this pathway. The major
contribution of fuel breaking pathway for the USC Mech II comes from H-abstraction, which is
72.4%. Similarly for iso-butane the direct decomposition pathway has 54.2% and 39.9%
contributions for the Merchant and USC Mech II models, respectively. For iso-butane, Habstraction leads to fuel breaking with 45.7% contribution for the Merchant model and 60%
contribution for the USC Mech II. Interestingly, it is noticed that although these two models
differ in predicting the soot precursors, their predicted profiles of the major species and
temperatures match well with each other. It is clear that further investigation is needed to
reconcile the discrepancies between the two models, as accurate descriptions of the amount of
soot precursors are imperative in soot formation mechanisms.
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Figure 3.10: Comparison of computed mole fraction profiles of propargyl for n-butane and isobutane isomers using the chemical kinetic models of (a) Merchant et al. [3] and (b) USC Mech II
[1]. Conditions: XF = 0.29, XO2 = 0.90, and K = 57 s-1.
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Figure 3.11: Comparison of initial fuel breaking pathways for n-butane and iso-butane isomers
using the chemical kinetic models of (a) Merchant et al. [3] and (b) USC Mech II [1].
Conditions: XF = 0.29, XO2 = 0.90, and K = 57 s-1.
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The chemical kinetic models used for flame simulations of butanol isomers under conditions
of

=0.29,

=0.90, and

=57 s-1 ( = =14.9 cm/s) were taken from Merchant et al. [3] and

Sarathy et al. [2]. The spatially-resolved profiles of acetylene predicted by the Merchant and
Sarathy models for butanol isomers are shown in Fig. 3.12. The peak mole fractions of acetylene
precursors predicted using the Merchant (Sarathy) model are 0.04 (0.039), 0.037 (0.041), 0.04
(0.042), and 0.025 (0.039) for n-butanol, iso-butanol, sec-butanol, and tert-butanol, respectively.
A comparison of propargyl precursors predicted by these two models is shown in Fig. 3.13. The
peak mole fractions of propargyl predicted by the Merchant (Sarathy) model are 0.00073
(0.0013), 0.00082 (0.0017), 0.0011 (0.0013), and 0.0022 (0.0027) for n-butanol, iso-butanol, secbutanol, and tert-butanol, respectively. Again, both of the models are found to predict dissimilar
amounts of precursors formed by butanol isomers and the rankings in terms of peak mole
fraction values also differ. A closer look at the fuel breaking steps also illustrates that the two
models differ in the major contributions of specific pathways as shown in Fig. 3.14. The initial
breaking step of n-butanol shows that the direct decomposition has 40% and 24.8% contribution
in the Merchant and Sarathy models, respectively. For iso-butanol the direct fuel decomposition
has 74% and 43% contributions in the Merchant and Sarathy models, respectively. Through the
direct decomposition, sec-butanol shows contributions of 70% and 34% in the Merchant and
Sarathy models, respectively. Lastly, in tert-butanol breaking the direct decomposition has 98%
and 82% contributions in the Merchant and Sarathy models, respectively. The remaining fuel
breaking for all the butanol isomers described by both of the models is through H-abstraction
reactions.
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Figure 3.12: Comparison of computed mole fraction profiles of acetylene for butanol isomers
using the chemical kinetic models of (a) Merchant et al. [3] and (b) Sarathy et al. [2].
Conditions: XF = 0.29, XO2 = 0.90, and K = 57 s-1.
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Figure 3.13: Comparison of computed mole fraction profiles of propargyl for butanol isomers
using the chemical kinetic models of (a) Merchant et al. [3] and (b) Sarathy et al. [2].
Conditions: XF = 0.29, XO2 = 0.90, and K = 57 s-1.

65

Figure 3.14: Comparison of initial fuel breaking pathways for butanol isomers using the
chemical kinetic models of (a) Merchant et al. [3] and (b) Sarathy et al. [2]. Conditions: XF =
0.29, XO2 = 0.90, and K = 57 s-1.
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It can be observed that these models differ in predicting soot precursors and the rankings of
butanol isomers in terms of soot precursor formation also differ. From this, it can be inferred that
these models would need some improvements/refinements in order to predict the soot precursors
so that this information can be used in the subsequent soot modeling. As pointed out by
Camacho et al. [71], while the sooting premixed flame behavior at the nucleation stage can be
predicted by the soot precursors, the sooting behavior at mass growth stage cannot be directly
explained by the species profiles of soot precursors. This could be another reason why no direct
correlation between the computed mole fractions of soot precursors and the measured amount of
soot formed in the present experimental conditions was observed.
Furthermore, the chemical kinetic models employed here do not include PAH chemistry,
and hence the concentrations of other important soot precursors such as benzene, napthalene,
phenanthrene, pyrene, and larger ring PAH molecules cannot be simulated to compare with the
experimental results on sooting propensity rankings for butane and butanol flames. Recognizing
the important role of PAHs in soot formation process [201], PAH measurements in moderately
sooting flames of butane and butanol isomers have been discussed in Chapter 4, in order to better
interpret isomeric structure effects on soot formation.
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Chapter 4: PAH formation in butane and butanol isomer flames

4.1 Introduction

By measuring the spatial locations of the PAH fluorescence signals and the evolution of PAHs
[202-209] and through sampling investigations [210-214], the evidences, linking the PAH
fluorescence to the PAH molecules, have been shown in these literature studies. Through the
present PAH-PLIF experiments, we aim to study the effects of molecular structure and hydroxyl
functional group on the PAH formation and growth processes. By detecting the PAH-PLIF
signals at varying wavelengths, PAHs of different aromatic ring sizes have been tracked. Due to
the limitations of quantitative PAH-PLIF measurements, qualitative PAH-PLIF results for the
butane isomers and the butanol isomers have been compared. Because of the fuel structural
effects, competitive PAH growth pathways are expected to exist [91]. Hence, fuels in the same
isomeric class tend to generate different amounts of PAHs. The competitive roles of the HACA
and the C3H3 pathways in the PAH formation have also been investigated experimentally and
computationally in this chapter, by blending a branched-chain isomer with the corresponding
straight-chain isomer at varying blending percentages. When keeping the total fuel loading
constant, the concentrations of the propargyl and the acetylene are expected to change as a result
of the fuel blending, thereby inducing the competition between the HACA and the C 3H3
pathways for the PAH formation.
Numerous studies on the PAH formation in flames have been conducted by a number of
groups e.g.,[215-219]. The PAH concentration measurements have been performed by direct
sampling and gas chromatograph/mass spectrometer (GC/MS) analysis of fuel-rich, laminar
premixed flames [215]. In addition, two-photon ionization time-of-flight mass spectroscopy has
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been used to analyze the PAHs from laminar non-premixed flames [216]. Shock tube data at
elevated pressures have been evaluated to predict the reaction pathways for the PAHs [217].
Using an online GC/MS technique, the PAH formation has been investigated in a fuel-rich,
premixed, sooting burner stabilized flame for n-butane [218]. Molecular-beam-massspectrometry (MBMS) coupled with resonance-enhanced-multi-photon-ionization (REMPI)
techniques have been employed to measure the concentrations of the small PAHs up to 3
aromatic rings in fuel-rich, premixed flames of propene and cyclopentene [219]. In general, the
motive behind the above-mentioned studies was to provide the experimental database to build
the reaction pathways for the PAH and soot formation processes.

4.2 LII and PAH-PLIF images

Figure 4.1 shows a false color representation, not drawn to the scale, of the LII and PAH-PLIF
images detected for an n-butanol sooting flame. The fuel stream was n-butanol/N2 mixture with
the fuel mole fraction of
oxygen mole fraction of

, while the O2/N2 oxidizer stream was maintained at the
. The PAH-PLIF images shown in Fig. 4.1 are for 334, 400,

450, and 492 nm detection wavelengths, representing the sequence of the PAH formation with
different ring sizes. It is noted that the PAH-PLIF signals for the detection wavelengths actually
overlap, which can be seen in the spatially-resolved profiles to be shown later in Section 4.5.
Such overlap of PAH-PLIF signals is not shown in Fig. 4.1 for clarity, hence this is a
representative figure. Shown in the representative Fig. 4.1, the PAH-PLIF images are closer to
the fuel nozzle than the LII image. In addition, as the detection wavelength of the PAH-PLIF
measurement becomes longer, corresponding to the larger ring size aromatics, the PAH-PLIF
images shift closer to the LII image.
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Figure 4.1: Images of LII and PAH-PLIF detected in a counterflow non-premixed flame for nbutanol (representative figure illustrating the relative spatial locations of the images, not shown
to the scale). Conditions: XF = 0.29, XO2 = 0.90, and K = 57 s-1.
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4.3 Calibration for the n-butanol and iso-butane flames

In Figs. 4.2(a) and 4.2 (b), the spatial distribution profiles of soot volume fraction measured
using the LII and LE techniques, as described in [131], are shown for the n-butanol sooting flame
of Fig. 4.1 at seven axial locations ( ) from the bottom fuel nozzle. With increasing , Figs. 4.2
(a) and 4.2 (b) show the results in the soot growth and soot decomposition regimes, respectively.
At the ‘Calibration Point’ for =4.84 mm indicated in Fig. 4.2 (a), the LII signal was compared
with the quantitative measurement of soot volume fraction determined by the LE measurements
using abel’s inversion. The refractive index used in this study is

, which is a

widely used value and has been validated against a wide range of fuels and flame environments,
as discussed in [131]. A calibration factor of 3.11108 was then calculated with this comparison,
which was found to be very similar to the calibration factor of 3.05108 determined with a
sooting ethylene flame in our previous study [131]. Figures 4.2 (c) and 4.2 (d) further show the
similar results of the iso-butane sooting flame with

and

. The calibration

factor was determined to be 3.08108, which, again, is very close to those of ethylene and nbutanol. This finding, therefore, suggests that for the conditions investigated herein, the variation
in the soot optical properties is insignificant for the oxygenated fuels like n-butanol and the nonoxygenates like ethylene and iso-butane.
Using these calibration factors determined at the corresponding ‘Calibration Point’, the
quantitative values for the LII signals at different radial-axial locations (
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) were then

calculated. As shown in Fig. 4.2, the radial soot volume fraction distributions determined from
both the LII and LE techniques compare very well for the other axial locations. Moreover, the
LE- and LII-measured soot volume fraction profiles are shown to be radially symmetrical, which
further demonstrates the stability of the sooting flames for liquid butanols established in the
current counterflow burner facility.
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Figure 4.2: Comparison of soot volume fraction distributions in counterflow non-remixed flames
measured using LE and LII: (a) soot formation zone for n-butanol, (b) soot decomposition and
oxidation zone for n-butanol, (c) soot formation zone for iso-butane, and (d) soot decomposition
and oxidation zone for iso-butane, where z represents the distance from the fuel nozzle.
Conditions: XF = 0.29, XO2 = 0.90, and K = 57 s-1. Solid symbols/black lines are for LE
measurements using abel’s inversion and hollow symbols/gray lines are for LII measurements.
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4.4 Test matrix

Table 3 lists the calculated adiabatic flame temperatures (

) for all the fuels investigated using

the thermodynamic database of the POLIMI mechanism [4-7]. In addition, the maximum flame
temperatures (

) obtained from the counterflow flame simulations are listed in Table 3.

While the reaction kinetics of the fuel pyrolysis and oxidation, the aromatic formation, the PAH
mass growth and oxidation, and the soot chemistry are temperature sensitive, for a given set of
and

, the slight differences in

and

, within the isomers and between butanes and

butanols, are not expected to have a major impact on the PAH and soot formation processes in
different fuels. Furthermore, the locations of

for these fuels under the same flow conditions

are approximately the same, as can be seen from the spatially-resolved temperature profiles
shown in the next section.
Table 3: Calculated adiabatic flame temperatures (Tad), maximum flame temperatures (Tmax) in
the given counterflow conditions, and stoichiometric mixture fractions (Zst) for butane and
butanol isomers.

Fuel

Fuel
Stream

n-Butane
iso-Butane
n-Butanol
iso-Butanol
sec-Butanol
tert-Butanol

0.29
0.29
0.29
0.29
0.29
0.29

Oxidizer
Stream

0.71
0.71
0.71
0.71
0.71
0.71

0.90
0.90
0.90
0.90
0.90
0.90

0.10
0.10
0.10
0.10
0.10
0.10

Adiabatic
Flame
Temperature
(K)
2991
2988
2946
2943
2940
2934

Stoichiometric
Maximum Flame
Mixture
Temperature
Fraction
(K)

For all the mixture compositions investigated herein,

2872
2868
2829
2825
2821
2813

0.357
0.357
0.404
0.404
0.404
0.404

<0.5, as shown in Table 3, and

hence the “flame sheets” are all situated on the oxidizer side of the stagnation plane. Although
has been shown to have a significant effect on soot formation, for a given set of
the differences in

and

due to the small differences in molecular weights and stoichiometric
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coefficients for butanes and butanols are deemed insignificant. Therefore, the effect of

in

comparing the sooting propensity among different fuels is not considered in the present study.
4.5 LII and PAH-PLIF results

The fuel molecular structure plays an important role in the PAH formation and growth processes
as it can lead to different concentrations of precursors which can activate PAH-related reactions.
Regarding the role of acetylene (C2H2), as it maintains relatively high concentration in the hightemperature region, PAHs can be produced through the sequential pathways of H-abstractionacetylene-addition (HACA) reactions. Since the soot models based on the HACA mechanism
underestimate the PAH and soot formations [8, 76-80], additional reactions, including the
reasonantly stable aromatic radicals formed through the odd-carbon-atom pathways have been
suggested to enhance the PAH formation reactions. Hence, the propargyl (C 3H3) recombination
reaction is currently considered as one of the important reactions in the incipient ring formation
process. Moreover, these odd-carbon-atom pathways are also considered important in PAH
growth mechanisms [91-97]. In the PAH formation process, a competition between these
reaction pathways is present, based on the amounts of the precursors (e.g., C2H2 and C3H3)
available locally and the flame conditions favoring these reactions [91].
Figure 4.3 shows the axial profiles of relative LII and PAH-PLIF signals along the
centerline of the counterflow flames of butane and butanol isomers. Again, the experimental
conditions for these flames were

=0.29,

=0.90, and

=57 s-1. The PAH-PLIF signal

profiles for the detection wavelengths of 334 nm, 400 nm, 450 nm, and 492 nm shown were
scaled by the maximum PAH-PLIF signal for the n-butane flame at 492 nm detection
wavelength, which is the largest PAH signal across all the flames studied in Fig. 4.3. Since the
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LIF signals collected at different wavelengths have different collection efficiencies, camera
sensitivities, and fluorescence lifetimes, they cannot be relatively compared with each other.
Hence, wherever a qualitative comparison has been made in this study, it has been made for only
a fixed detection wavelength. As it was shown earlier the LIF and LII images were shown just
for the representation in Fig. 4.1 so these images did not overlap. Wherein, in the Fig. 4.3, which
is drawn with the actual scale, the overlap of LIF and LII profiles can be observed. Furthermore,
it is noted that considering the temperature sensitivity and concentration dependence of the PAHPLIF signals from the aromatics of different ring sizes formed at different axial locations, the
direct comparison of PAH-PLIF signals between two different detection wavelengths should be
taken with caution. On the other hand, the LII profile for each flame was normalized with the
maximum LII signal for n-butane in order to demonstrate the relative spatial locations of the
PAH-PLIF profiles for different detection wavelengths (hence different aromatic ring sizes). As
demonstrated in Fig. 4.3, with the same values of

,

, and

for all counterflow non-

premixed flames, the spatial locations of the PAH-PLIF profiles across the C4 fuels are almost
the same for a given detection wavelength. Using the POLIMI mechanism, the computed
spatially-resolved profiles, including temperature and the mole fractions of acetylene, propargyl,
and benzene, have also been shown in Fig. 4.3 for the comparison. As mentioned earlier, the
locations of

are almost the same, situated at 5.25 mm distance from the fuel nozzle. In this

study, the detection wavelength of 334 nm represents the PAH-PLIF measurements at the
inception stage, as it characterizes the PAHs with 2 and 3 aromatic rings. It is of interest to note
that the computed mole fraction profiles of benzene for all flames investigated peak before (i.e.
closer to the fuel nozzle) the corresponding maximum signal for the 334 nm detection.
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Figure 4.3: Spatial profiles of relative LII and PAH-PLIF (detection wavelengths of 334 nm, 400
nm, 450 nm, and 492 nm) signals along the centerline, as well as the computed profiles of
temperature and mole fractions of acetylene, propargyl, and benzene, for: (a) n-butane, (b) isobutane, (c) n-butanol, (d) iso-butanol, (e) sec-butanol, and (f) tert-butanol flames. Conditions: XF
= 0.29, XO2 = 0.90, and K = 57 s-1.
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It can also be observed from Fig. 4.3 that for all the butane and butanol isomers the PAH
profiles are closer to the fuel side than the LII profile, indicating that PAHs grow from the fuel
side. The results for all the flames also show that with the increase in detection wavelength the
PAH-PLIF profiles move closer to the LII profile. This shift in PAH-PLIF profiles with
increasing detection wavelength in turn indicates that the longer (shorter) detection wavelength
corresponds to the larger (smaller) aromatic ring size of PAH’s. A comparison of the PAH-PLIF
profiles in Fig. 4.3 across the flames for any of the detection wavelengths shows that while their
profile shapes appear similar, the maximum relative signal values vary. Such behavior can be
associated with the fuel structural differences. This is further analyzed in detail in the following.
In general, the hydrocarbons are known to decompose by either the unimolecular dissociation
or bimolecular H-abstraction. The dissociation process is also known to occur by the complex
fission or simple fission. It is theorized that the butanol isomers are able to produce H2O through
the process of complex fission [35, 58, 220-223]. Since the dominant pathways of initial fuel
breaking depend on the structure of the fuel, understanding the initial fuel breaking pathways is
important to understand the formation of the first aromatic rings [22]. In order to aid the
interpretation of the present experimental results, the fuel decomposition pathways for the
butanol isomers are described hereafter. The complex fission process takes place by bonding
between the hydrogen (H) and hydroxyl (OH) to form H2O, and the α and β carbon atoms form a
double bond between them to form butene [58]. In the simple fission process, first a methyl
radical is abstracted from the α carbon atom, and then hydrogen radical is abstracted from the
oxygen atom to form a double bond between the α carbon atom and oxygen atom to form
acetone [221, 222]. In the process of H-atom abstraction, first a hydrogen atom is abstracted
from the β carbon atom, then a hydroxyl radical is abstracted from the α carbon atom, thereby
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facilitating the formation of a double bond between the α and β carbon atoms to form butene [58,
220, 221]. The step of the complex fission process depends on the structure of the fuel and this
determines the amount of butene produced by each of the butanol isomers. Structurally, in the
tert-butanol isomer, the hydroxyl group has a maximum number (9) of neighboring hydrogen
atoms available to form the complex bonds, and hence this helps in unimolecular elimination of
water. This step has been reported as the dominant pathway in butene formation [19, 41, 59,
179]. Similar complex fission reaction pathways are possible for the n-butanol, iso-butanol, and
sec-butanol isomers, as for these fuels, the hydroxyl group has 2, 1, and 5 neighboring hydrogen
atoms to form the complex bond to eliminate water [41]. For these three isomers, other
competing fuel destruction pathways of H-abstraction, followed by the β-scission of the C-O
bond have also been known [19, 179]. The measurements of the butene for these butanol
isomers, using the Electron Ionization-Molecular Beam Mass Spectrometry (EI-MBMS)
technique, by Oßwald et al. [28] in a flat stabilized flames on McKenna burner, showed that the
tert-butanol isomer produces the maximum amount of the butene, followed by iso-butanol, secbutanol, and n-butanol in the decreasing order. The importance of the butene formation is related
to the propargyl and first aromatic benzene ring formation [28, 179]. In addition, Oßwald et al.
[28] have experimentally shown that the propargyl radical formation follows the order of butene
formation. The reactions of allene and allyl production from butene have been envisaged as the
responsible reactions, linking the butene and the propargyl [224, 225]. Further, the experimental
measurements, by Oßwald et al. [28] using the Particle-Ionization-Molecular-Beam-MassSpectrometry (PI-MBMS), and by McEnelly and Pfefferle [179] using the mass spectroscopy
technique, have shown that the first benzene ring formation follows the order of propargyl
formation, and at the initial aromatic ring formation stage the propargyl recombination reaction
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is the most important. Similar observations linking the propargyl with benzene formation have
been made by Hansen et al. [226] and Miller et al. [227]. From these theoretical and
experimental backgrounds, it is established that the initial aromatic ring formation for butanols is
governed by the propargyl radical.
The soot formation process can be divided into the inception and growth stages. Camacho et
al. [71] and McEnally and Pfefferle [179] have noted that a direct link between the fuel structure
and the PAHs at the inception stage can be established. Firstly, the PAH-PLIF profiles measured
at 334 nm detection wavelength for different flames shown in Fig. 4.3 are analyzed and
compared. As stated earlier, this detection wavelength corresponds to PAHs with 2 and 3
aromatic rings, and hence this detection wavelength represents the PAHs at the inception stage.
Figure 4.4(a) shows and compares the maximum relative PAH-PLIF signals at 334 nm detection
wavelength for butane and butanol isomers. It is seen that in terms of the amounts of 2- and 3ring aromatics produced by these fuels, they are ordered as tert-butanol > iso-butane > isobutanol > sec-butanol > n-butane > n-butanol. Similar rankings have been observed by McEnally
and Pfefferle [179] in their benzene measurements. It is also noted from Fig. 4.4(a) that the
PAH-PLIF signal at 334 nm for iso-butane is larger than that for n-butane. Similar PAH
inception ranking for the butane isomers was also observed by Camacho et al. [71], and
McEnally and Pfefferle [179], as they noted that the branched chain isomers produce more
propargyl than the straight chain isomers. Additionally, the straight chain isomer was found to
produce more acetylene than the branched chain isomer [179]. These literature results indicate
that at the inception stage the odd-carbon-atom pathway of propargyl recombination dominates.
By similar analogy, the results which have been shown in Fig. 4.4(a) for the butanol isomers can
be explained and inferred, as the most branched isomer, tert-butanol, has the maximum PAH-
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PLIF signal, followed by iso-, sec-, and n-butanol, in the order of the degree of branching of
these isomers as defined in [179].
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Figure 4.4: Comparison of maximum relative PAH-PLIF signals measured for butane and
butanol isomers: (a) detection wavelength of 334 nm corresponding to 2- and 3-ring aromatics
and (b) detection wavelength of 400 nm corresponding to 4-ring aromatics. Conditions: XF =
0.29, XO2 = 0.90, and K = 57 s-1.
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Based on the results in Fig. 4.3, Fig. 4.4(b) compares the maximum relative PAH-PLIF
signals at the detection wavelength of 400 nm for different flames. As discussed earlier, this
detection wavelength corresponds to 4 ring aromatic species such as pyrene [164]. For this
detection wavelength, the isomers studied are ranked as tert-butanol > iso-butane > iso-butanol >
sec-butanol > n-butane > n-butanol. This ranking follows that observed for the 2- and 3-ring
aromatics produced. As the present ranking is consistent with the literature results discussed
earlier, it can be inferred that even up to the 4-ring aromatics formation, the odd-carbon-atom
pathways of PAH formation dominate. The dominance of the odd-carbon-atom pathways via
propargyl is further demonstrated in Sec. 4.6 and explained through the path analyses discussed
in Sec. 4.7.
From our previous study of the soot formation process of the counterflow non-premixed
flames [131], the sooting tendencies for these fuels were ranked as n-butane > iso-butane > tertbutanol > n-butanol > iso-butanol > sec-butanol. Shown in Fig. 4.5 are these rankings for the
flames of Fig. 4.3 by plotting their maximum soot volume fractions. In Fig. 4.5(a) the maximum
soot volume fraction values with y-axis scale of
shown using a y-axis scale of

, while in Fig. 4.5(b) these are

so that the rankings for the butanol isomers can be

prominently seen. In our previous study [131], it was also observed that the sooting propensity
rankings in terms of soot volume fraction remained the same as shown in Fig. 4.5 for varying
fuel mole fractions, oxidizer mole fractions, and strain rates. Comparing these with the current
PAH-PLIF measurements at the inception stage shown in Fig. 4.4, it can be concluded that the
PAH formation at the inception stage does not correlate with the amount of soot formed. As
discussed earlier, the PAH growth and the soot formation processes involve various complex
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parallel pathways, and hence a direct correlation between the soot volume fraction and the PAH
formation at the inception stage may not exist.
For further analysis, the maximum relative PAH-PLIF signals for all the detected
wavelengths are compared in Fig. 4.6 for the straight- and branched-chain isomers. The error
bars in Fig. 4.6 are based on twice the standard deviation of the repeated measurements. The
comparisons of relative PAH-PLIF signals have been made and discussed in the following
discussions, only for each individual detected wavelength, as mentioned earlier it cannot be
made across the two different detection wavelengths. A comparison of n-butane and iso-butane is
shown in Fig. 4.6 (a), and it is seen that iso-butane has a larger signal than n-butane for the 334
nm detection wavelength, which could be due to the dominance of the odd-carbon-atom
pathways discussed in [179]. The same trend continues for the detection wavelengths of 400 and
450 nm, as shown in Fig. 4.6 (a), consistent with the findings of [179] for iso-butane that the
odd-carbon-atom pathways remain dominant at this stage. However, a comparison of PAH-PLIF
signals at the detection wavelength of 492 nm shows that n-butane turns out to have larger signal
than iso-butane. Since the location of the peak PAH-PLIF signal at 492 nm detection wavelength
is closer to the sooting flame, the larger signal for the n-butane could be because the
temperature-sensitive HACA reactions for n-butane enhance the PAH formation at this growth
stage as discussed in [179].
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(b) butanol isomers. Conditions: XF = 0.29, XO2 = 0.90, and K = 57 s-1.
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In Fig. 4.6(b), a comparison for n-butanol and iso-butanol has been presented. While isobutanol shows larger PAH-PLIF signal than n-butanol for the detection wavelengths of 334 and
400 nm, n-butanol exhibits larger PAH-PLIF signal for the detection wavelengths of 450 and 492
nm. Since the results are consistent with those of [179], it is inferred that the consequence of the
branched chain isomer producing more propargyl and its effect at the PAH inception stage [179]
result in larger PAH-PLIF signal for iso-butanol up to the detection wavelength of 400 nm.
However, from 450 nm onwards the PAH-PLIF signal for n-butanol being larger suggests that
the HACA mechanism for n-butanol propels the growth of PAHs (larger aromatic ring size) in
comparison to iso-butanol [179]. Similar findings were observed when comparing sec-butanol
and n-butanol, as shown in Fig. 4.6(c).
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Figure 4.6: Comparison of maximum relative PAH-PLIF signals for 334 nm, 400 nm, 450 nm,
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n-butanol and sec-butanol, and (d) n-butanol and tert-butanol. Conditions: XF = 0.29, XO2 = 0.90,
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Further, in Fig. 4.6(d), a comparison of n-butanol and tert-butanol is shown. Consistent with
the demonstration in [179] that the odd-carbon-atom pathways for the branched chain isomer
dominate, tert-butanol is seen to have larger PAH-PLIF signal than n-butanol at 334 nm
detection wavelength. This behavior continues for the other detection wavelengths of 400, 450,
and 492 nm. Following the literature results, this suggests that for tert-butanol, the odd-carbonatom pathways produce an abundance of incipient aromatics, such that the odd-carbon-atom
pathways of the PAH growth remain a dominant pathway. Other than tert-butanol, when nbutanol was compared with the other two isomers, the HACA mechanism for n-butanol is
expected to account for the formation of larger PAHs.
Figures 4.7(a) and 4.7(b) compare the maximum relative PAH-PLIF signals for all C4 flames
measured at the detection wavelengths of 450 nm and 492 nm, respectively. Since these two
detection wavelengths characterize PAHs larger than 4 aromatic rings, as discussed earlier, Fig.
4.7 demonstrates the rankings for the PAH growth stage. The ranking for 450 nm detection
shows iso-butane > n-butane > tert-butanol > n-butanol > iso-butanol > sec-butanol. At the
detection wavelength of 492 nm, signifying much larger PAHs, the ranking becomes n-butane >
iso-butane > tert-butanol > n-butanol > iso-butanol > sec-butanol. The rankings, as shown in Fig.
4.7 for the PAH growth stage, are seen to be different from those shown in Fig. 4.4 for the PAH
inception stage. As the 492 nm detection wavelength represents large PAHs formed prior to the
formation of soot particles, the PAH formation ranking in Fig. 4.7(b) is seen to be consistent
with the sooting tendency ranking displayed in Fig. 4.5 and that reported in [131].
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4.6 Non-premixed counterflow flame simulations

From the experimental results at the inception stage and based on their consistency with the
literature studies, it is inferred that the amount of the PAH formed by these isomers is expected
to show a correlation with the ability of each fuel to produce the propargyl. To correlate the
incipient PAH formation and the precursors such as the acetylene and the propargyl, the
experimental conditions were simulated using the POLIMI mechanism [4-7]. Since the present
experimental results only provide qualitative measurements, a quantitative comparison with the
simulated results is not made. Hence, these experimental and simulated results are compared in
terms of predictability of the rankings. The calculated peak mole fractions of the acetylene and
the propargyl formed in the flames by these isomers are shown in Figs. 4.8(a) and 4.8(b),
respectively. In terms of the peak acetylene formation, the isomers are ranked as n-butane > isobutane > n-butanol > sec-butanol > iso-butanol > tert-butanol. As discussed in McEnally and
Pfefferle [179], the straight chain isomers produce more acetylene than the branched chain
isomers. The comparison of these isomers in terms of the peak propargyl formation shows that
the ranking is tert-butanol > iso-butane > iso-butanol > sec-butanol > n-butane > n-butanol. This
propargyl ranking is consistent with the experimental ranking for the incipient PAHs shown in
Fig. 4.4. Further, the A1-ring (benzene, C6H6) in Fig. 4.8(c), the A2–A3-ring PAHs (naphthalene,
C10H8; anthracene, C14H10) in Fig. 4.8(d), and the A4-ring PAH (pyrene, C16H10) in Fig. 4.8(e)
show the same ranking as the propargyl in Fig. 4.8(b). From the past studies [85, 90, 179], it has
been shown that in the formation of benzene ring the propargyl radical plays an important role.
Therefore, the ranking of A1-ring formation (benzene, C6H6) in Fig. 4.8(c) follows the trend for
propargyl radical formation in Fig. 4.8(b).
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From the experimental results shown in Fig. 4.4, the A2–A3 and the A4 rankings show the
same trend as the simulated results shown in Figs. 4.8(d) and 4.8(e). It will be demonstrated in
due course that the simulated results exhibit the importance of the odd-carbon-atom pathways
through the propargyl recombination at the incipient stage. Since the POLIMI mechanism [4-7]
does not consider the PAHs larger than A4, the experimental results based on the 450 nm and 492
nm detection wavelengths shown in Fig. 4.7 cannot be simulated and compared.
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Figure 4.8: Comparison of calculated peak mole fractions using the POLIMI mechanism [4-7]
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XF = 0.29, XO2 = 0.90, and K = 57 s-1.
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4.7 Effects of fuel blending

With the discussion and comparison with the literature studies so far, it can be inferred that the
PAH formation at the inception stage is mostly governed by the ability of the isomers to produce
the propargyl and hence by the odd-carbon-atom pathway of the initial aromatic ring formation.
At the PAH growth stage, however, the HACA mechanism is also expected to play a role, as
seen in the sooting tendency for some of the fuels. To further investigate the role of the HACA
mechanism, the two straight chain fuels, n-butane and n-butanol, were blended with their
respective branched chain isomers. The total fuel mole fraction was still kept constant at
=0.29, while the blending percentage ( ) is defined as:
,
where

(3)

is the mole fraction of the branched chain isomer in the fuel stream. As the

fuels from the same isomeric class with the same molecular weight were blended, for the same
oxidizer stream, the

values for binary blend/N2 mixtures remain the same as those of the

respective neat components listed in Table 3, when the total fuel mole fraction is fixed at
=0.29. In addition, because of the small difference in
class, as shown in Table 3, the variation of

or

or

for the isomers of the same

with

is considered insignificant.

Hence, any change in PAH-PLIF signals with varying fuel blending ratios observed in the
current experiments can be attributed to the fuel structure effects.
With

=0.29,

=0.90, and

=57 s-1, the relative intensities of the PAH-PLIF signals for

the binary blends of n-butane/iso-butane and n-butanol with other butanol isomers varying from
=0% to 100% were measured. Figure 4.9 shows such experimental results in order to identify
the synergistic effects. Again, the PAH-PLIF signals were scaled by the maximum value for the
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detection wavelength of 492 nm for the n-butane flame. Two different fuel blending effects were
generally observed in Fig. 4.9. First, an increase in the PAH-PLIF signal followed by a decrease,
with the increase in , was seen. For brevity, this behavior in the PAH-PLIF signal is named as
‘positive synergy’ in the current study. The second type of the blending effect was opposite to
the first one, which exhibits a decrease in the PAH-PLIF signal followed by an increase, with the
increase in . This behavior in the PAH-PLIF signal is named as ‘negative synergy’ herein.
These behaviors, as shown in Fig. 4.9, can be examined by comparing them with the
simulated results of the acetylene and the propargyl. In Figs. 4.8 and 4.10-4.13, the simulated
results of the peak mole fractions of the acetylene and the propargyl using the POLIMI
mechanism for the individual fuels and the binary blends are shown, along with those of the A1–
A4 aromatics. The detailed discussions on Figs. 4.10-4.13 will be provided later. As observed
from the Fig. 4.8, the straight chain isomers produce more acetylene than the branched chain
isomers, while the branched chain isomers produce more propargyl than the straight chain
isomers. From Figs. 4.10-4.13, a uniform observation of an increase in the propargyl
concentration and a decrease in the acetylene concentration with increasing
Considering these, ‘positive synergy’ is explained in the following.
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can be made.
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Figure 4.9: Variations of maximum relative PAH-PLIF signals for 334 nm, 400 nm, 450 nm, and
492nm detection wavelengths with blending percentage: (a) blending iso-butane in n-butane, (b)
blending iso-butanol in n-butanol, (c) blending sec-butanol in n-butanol, and (d) blending tertbutanol in n-butanol. Conditions: XF = 0.29, XO2 = 0.90, and K = 57 s-1. Lines are connected to
guide the discernment.
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Figure 4.10: Variations of calculated peak mole fractions using the POLIMI mechanism [4-7]
with blending percentage for blending iso-butane in n-butane: (a) propargyl (C3H3), (b) A1
aromatics (C6H6), (c) A2, A3, and A4 aromatics (C10H8, C14H10, and C16H10, respectively), and (d)
acetylene (C2H2). Conditions: XF = 0.29, XO2 = 0.90, and K = 57 s-1.
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Figure 4.11: Variations of calculated peak mole fractions using the POLIMI mechanism [4-7]
with blending percentage for blending iso-butanol in n-butanol: (a) propargyl (C3H3), (b) A1
aromatics (C6H6), (c) A2, A3, and A4 aromatics (C10H8, C14H10, and C16H10, respectively), and (d)
acetylene (C2H2). Conditions: XF = 0.29, XO2 = 0.90, and K = 57 s-1.
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For the detection wavelength of 334 nm, as shown in Fig. 4.6(a), the PAH-PLIF signal for
iso-butane is larger than that for n-butane. As previously discussed, this can be inferred to be the
dominant role of the odd-carbon-atom pathways involving the propargyl in the PAH inception
stage for iso-butane. It is seen from Fig. 4.9(a) that the relative PAH-PLIF signal for the
detection wavelength of 334 nm increases from =0% (pure n-butane) to =70%, followed by a
decrease when further increasing iso-butane blending to =100% (pure iso-butane). In view of
the consistent increase in the propargyl concentration in Fig. 4.10(a) with increasing , this nonmonotonic behavior in the PAH-PLIF signal for the 334 nm detection wavelength can be argued
to be related to the other parallel reactions competing with the odd-carbon-atom pathways, such
as the HACA mechanism. An initial increase in iso-butane blending provides more aromatic
rings, and hence in conjunction with the HACA mechanism, this results in the ‘positive synergy’,
as the increase in the PAH-PLIF signals for these binary blends surpass those of pure n-butane
and pure iso-butane. However, the decrease in acetylene concentration with increasing isobutane blending, as shown in Fig. 4.10(d), could lead to a decrease in the PAH-PLIF signal with
the detection wavelength of 334 nm for =80–100%.
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Figure 4.12: Variations of calculated peak mole fractions using the POLIMI mechanism [4-7]
with blending percentage for blending sec-butanol in n-butanol: (a) propargyl (C3H3), (b) A1
aromatics (C6H6), (c) A2, A3, and A4 aromatics (C10H8, C14H10, and C16H10, respectively), and (d)
acetylene (C2H2). Conditions: XF = 0.29, XO2 = 0.90, and K = 57 s-1.
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On the other hand, the ‘negative synergy’ exhibits opposite effects with increasing

. As

seen from Fig. 4.6(a), n-butane has a larger PAH-PLIF signal for the 492 nm detection
wavelength than iso-butane. Based on this experimental finding and the simulated results, the
importance of the acetylene in the large PAH formation through the HACA mechanism is
suggested. In addition, it is observed from Fig. 4.9(a) for the detection wavelength of 492 nm
that the relative PAH-PLIF signal decreases from

=0% (pure n-butane) to

increases with increasing iso-butane blending towards

=50%, and then

=100% (pure iso-butane). Again, a

monotonic decrease in acetylene concentration with increasing

can be seen from Fig. 4.10(d).

This decrease in acetylene concentration in turns impedes the PAH formation mostly dominant
through the HACA pathways along with the odd-carbon-atom pathways. Since the propargyl
concentration increases with increasing

, as shown in Fig. 4.10(a), a further increase in iso-

butane blending for =50–100% adds the aromatic rings through the odd-carbon-atom pathways,
thereby providing more sites for PAH growth and leading to an increase in the PAH-PLIF signal
for the 492 nm detection wavelength. These synergistic results further indicate that both the
propargyl and the acetylene are involved in the PAH formation, and the concentrations of these
precursors, as well as the local flame environment/condition, determine the dominant role played
by either of these in the PAH formation.
Based on the above discussions, the experimental results of Fig. 4.9 can then be better
understood and explained. In Fig. 4.9(a), the changes in the relative PAH-PLIF signal intensities
as a result of blending iso-butane in n-butane have been shown. For the detection wavelengths of
334, 400, and 450 nm, the PAH-PLIF signals exhibit ‘positive synergy’, which can be inferred
by the dominance of the odd-carbon-atom pathways at this inception stage for iso-butane. At the
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detection wavelength of 492 nm, the ‘negative synergy’ was observed, which emphasizes the
importance of the HACA mechanism for n-butane at this growth stage.
Figure 4.9(b) shows the experimental results of blending iso-butanol in n-butanol. Similar to
the binary blends of iso-butane and n-butane, synergistic effects have been observed. For the
detection wavelengths of 334 and 400 nm, the ‘positive synergy’ can be observed, suggesting
that for these wavelengths of detection the odd-carbon-atom pathways for iso-butanol produce
relatively more PAHs than n-butanol. For the detection wavelengths of 450 and 492 nm, the
‘negative synergy’ can be observed, thereby implying the importance of the HACA mechanism
enhancing the PAH growth for the n-butanol at this stage. The same observations have been
made for the blending effects of sec-butanol and n-butanol as shown in Fig. 4.9(c). In Fig. 4.9(d),
when blending tert-butanol in n-butanol, all the detection wavelengths show the ‘positive
synergistic’ effect. This further emphasizes the importance of the odd-carbon-atom pathways in
the PAH formation for tert-butanol.
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Figure 4.13: Variations of calculated peak mole fractions using the POLIMI mechanism [4-7]
with blending percentage for blending tert-butanol in n-butanol: (a) propargyl (C3H3), (b) A1
aromatics (C6H6), (c) A2, A3, and A4 aromatics (C10H8, C14H10, and C16H10, respectively), and (d)
acetylene (C2H2). Conditions: XF = 0.29, XO2 = 0.90, and K = 57 s-1.
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The binary fuel blend experiments of Fig. 4.9 are also simulated using the POLIMI
mechanism [4-7]. For the binary blends of n-butane and iso-butane, Fig. 4.10 demonstrates that
the peak mole fractions of the propargyl and the A1–A4 ring PAHs increase with increasing ,
while the peak mole fraction of the acetylene decreases. Although a non-monotonic response
(‘positive or negative synergy’) was observed in the PAH-PLIF experiments shown in Fig.
4.9(a), such a behavior is not observed in the simulations. Similar observations are made for
blending the branched chain butanols in n-butanol, as shown in the simulated results of Figs.
4.11–4.13, namely a monotonic increase in the amounts of the propargyl and the A1–A4 ring
PAHs formed, and a monotonic decrease in the amount of the acetylene formed. This
discrepancy in the experimental and simulated results is further investigated by conducting path
analyses of PAH formation in the POLIMI mechanism [4-7], as well as by examining the role of
the acetylene in PAH formation along with the dominance of the propargyl at the inception stage.

4.8 PAH formation pathways

In the present path analyses, the n-butane flame with

=0.29,

=0.90, and

=57 s-1 was used

as a representative condition for the demonstration. For each of the aromatic species of interest,
the spatially-integrated rates of the production for the contributing reaction pathways were taken
from the simulation. The percentage contribution from each reaction pathway was calculated
relative to the sum of all the related, spatially-integrated rates of production. Figures 4.14(a) and
15(b) demonstrate the major kinetic pathways leading to the formation of the benzene (C6H6) and
the phenyl (C6H5), respectively. It can be seen from Fig. 4.14(a) that 56.5% of the benzene
formation is due to the conversion of the phenyl by reacting with the hydrogen radical. Such
conversion of phenyl, reacting with PC3H4, C3H6, C2H4, and CH3, totals to 9.20%, while the
similar conversion by reacting with C2H2 accounts for 1.5% of the benzene formation. Moreover,
102

the propargyl recombination reaction, C3H3+C3H3(+M)→C6H6, and the acetylene pathway,
C2H2+C4H4→C6H6, contribute 24.42% and 0.26%, respectively. The reaction pathway from
methylcyclopentadiene also shows a 2.9% contribution. It has to be pointed out that the fulvene
chemistry is not considered in the POLIMI mechanism, and hence is not shown here.
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(a)

(b)
Figure 4.14: Kinetic pathways of formation of (a) A1 aromatics (benzene, C6H6) and (b) A1
aromatic radicals (phenyl, C6H5), showing percentage contributions through various reactions
based on the POLIMI mechanism [4-7]. Conditions: n-butane, XF = 0.29, XO2 = 0.90, and K = 57
s-1.
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At first glance Fig. 4.14(a) seems to suggest that the main formation of the benzene is from
the phenyl at 56.5%. However, it can be seen from Fig. 4.14(b) that there are reaction channels,
converting the phenyl back to the benzene, in a significant portion. In particular, in the phenyl
formation pathways shown in Fig. 4.14(b), the conversion from benzene by reacting with H and
CH3 contribute 81.95% and 5.71%, respectively. As the precursor species, including propargyl,
acetylene, etc., are the fundamental building blocks in the aromatic formation process [89], they
are expected to make major contributions. Therefore, apart from the inter-conversion reactions,
the most important pathway of benzene formation is from propargyl. Similarly, in the phenyl
formation, Fig. 4.14(b) shows that C3H3+C3H3→C6H5+H and C4H3+C2H2→C6H5 contribute
5.71% and 0.33%, respectively, with the propargyl pathway being more significant. These results
indicate that for the first aromatic ring formation process in the POLIMI mechanism, the
propargyl pathways are dominant as compared to the acetylene pathways.
The simulated results shown in Figs. 4.15–4.17 further illustrate that the major pathways in
the POLIMI mechanism for the PAH growth to the 2-, 3-, and 4-ring aromatics, are through the
odd-carbon-atom pathways, as indicated by the solid arrows for the first level pathways and the
dashed arrows for the second level pathways. It is noted that the species in the second level
originate mostly from the odd-carbon-atom pathways, which are described in details in the
following discussion.
It is seen from Fig. 4.15(a) that for the A2 ring, naphthalene (C10H8), the major formation
pathways,

apart

from

the

stabilizing

inter-conversion

reactions,

are

through

the

methylnaphthalene pathway, C10H7CH3+H→C10H8+CH3, and the methylnaphthalene radical
pathway, C10H7CH2+CH3→C10H8+C2H4, contributing 14.66% and 4.2%, respectively. In
addition, the pathway analysis to the second level shows that methylnaphthalene (C10H7CH3) and
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methylnaphthalene radical (C10H7CH2) are formed from the odd-carbon-atom pathways. For
example, in the methylnaphthalene formation, phenyl plays an important role and mostly forms
from propargyl, as discussed in Fig. 4.14. Another example as seen in the methylnaphthalene
radical formation is that a major pathway is through the reaction of phenylacetylene radical
(C6H4C2H) with propargyl. Figure 4.15(a) also shows the other two important pathways
contributing to the A2 ring naphthalene formation that involves propargyl radical, namely its
reaction with the phenylacetylene radical (1.54%) and its reaction with the benzyl radical
(1.31%). On the other hand, the acetylene pathway, C2H2+C6H5C2H→C10H8, contributes only
0.61% to the A2 ring naphthalene formation. Hence, in comparative terms the propargyl is a
dominant precursor as compared to the acetylene.
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(a)

(b)
Figure 4.15: Kinetic pathways of formation of (a) A2 aromatics (naphthalene, C10H8) and (b) A2
aromatic radicals (naphthyl, C10H7), showing percentage contributions through various reactions
based on the POLIMI mechanism [4-7]. Conditions: n-butane, XF = 0.29, XO2 = 0.90, and K = 57
s-1. Solid arrows show the first level of path analysis and dashed arrows show the second level of
path analysis.
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(a)

(b)
Figure 4.16: Kinetic pathways of formation of (a) A3 aromatics (anthracene, C14H10) and (b) A3
aromatic radicals (anthracenyl, C14H9), showing percentage contributions through various
reactions based on the POLIMI mechanism [4-7]. Conditions: n-butane, XF = 0.29, XO2 = 0.90,
and K = 57 s-1. Solid arrows show the first level of path analysis and dashed arrows show the
second level of path analysis.
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(a)

(b)
Figure 4.17: Kinetic pathways of formation of (a) A4 aromatics (pyrene, C16H10) and (b) A4
aromatic radicals (pyrenyl, C16H9), showing percentage contributions through various reactions
based on the POLIMI mechanism [4-7]. Conditions: n-butane, XF = 0.29, XO2 = 0.90, and K = 57
s-1. Solid arrows show the first level of path analysis and dashed arrows show the second level of
path analysis.

109

For the naphthyl radical (C10H7) formation shown in Fig. 4.15(b), apart from the stabilizing
inter-conversion reactions, the pathway originating from the phenyl contributes to 23%. Again,
the phenyl mostly forms from the propargyl. The other important step of acetylene addition has
22.1% contribution through the reaction of C6H4C2H+C2H2→C10H7. The phenylacetylene radical
involved in this reaction is formed through the decomposition of methylnaphthalene radical,
which is formed via a major propargyl pathway discussed earlier.
Figure 4.16(a) shows the results for the A3 ring anthracene formation. It is seen that a minute
0.05% contribution is from the acetylene addition reaction of C12H9+C2H2→C14H10+H. Further
analysis to the second level shows that in this reaction, the biphenyl radical (C 12H9) is formed
through the reaction where the propargyl is added to the indenyl. The other pathway in the A3
formation is from the A4 aromatic pyrene (C16H10), which is shown in Fig. 4.17(a) to originate
from the reactions involving propargyl. In addition, the pathway of acenaphthylene radical
(C12H7) reacting with the propargyl, C3H3+C12H7→0.5C14H10+0.5C16H10, contributes to 0.63%.
Hence, the dominance of the propargyl can be seen in the A3 formation as well. Similarly, the
anthracenyl (C14H9) formation, as shown in Fig. 4.16(b), involves the propargyl pathways. From
Fig. 4.17(a), it can be observed that, apart from the stabilizing inter-conversion reactions, the A4
ring pyrene formation is mainly through the reaction pathways that include propargyl, while the
acetylene

has

0.57%

contribution

from

the

acetylene

addition

reaction

of

C14H9+C2H2→C16H10+H. It is also noted in the POLIMI mechanism that the pyrenyl (C16H9)
formation is mostly governed by the inter-conversion stabilization pathways, as shown in Fig.
4.17(b).
For the binary fuel blends studied here, the above-mentioned important reactions are
expected to show more contributions in the PAH formation, as the experimental results
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demonstrated the synergistic effects. Although at the inception stage the role of propargyl should
be the dominant determinant of the PAH formation [71, 179], other pathways from the acetylene
cannot be entirely ruled out [8, 76-80]. As previously shown in Figs. 4.10-4.13, the calculated
peak mole fractions of the propargyl, benzene, naphthalene, anthracene, and pyrene increase with
increasing

, but that of the acetylene decreases as the amount of straight chain isomer

decreases. From the path analyses, it is clear that the major PAH pathways in the POLIMI
mechanism [4-7] basically involve the odd-carbon-atom pathways. However, the experimental
results from Fig. 4.9 show the synergistic effects, which are not predicted by the simulations.
This discrepancy could be explained by the possibility that the acetylene addition reactions, as
well as those beyond the HACA mechanism, also have significant contributions in the PAH
formation. Based on the current experimental findings, it is suggested that the increased
contributions of the acetylene addition reactions in the PAH formation can improve the
comprehensiveness of the underlying reaction mechanism. To further develop these PAH-related
chemistries to predict the larger aromatic ring PAHs, beyond the current A4-ring in the POLIMI
mechanism [68-71], the inclusion of the acetylene addition reactions (and possibly other new
pathways) for the larger PAHs should be considered important, at least for the straight chain
fuels.
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Chapter 5: Soot and PAH formation in ethylene flames at elevated
pressures
5.1 Introduction

There have been various soot models developed to study soot formation at elevated pressures.
These models are either semi-empirical or employ simplified acetylene based reaction
mechanisms [228]. As the fundamental understanding of soot formation processes, even at
atmospheric pressure, is still lacking, these models are not versatile in applications. More
information on physically relevant conditions, such as at higher pressures, is required to improve
these soot models. In the past, studies of soot formation at elevated pressures have been
conducted in laminar premixed [112, 134, 229-231] and non-premixed [102, 232-237] flames.
These studies are aimed to obtain a relationship between the soot volume fraction ( ) and
pressure (P), which is given by,
factor,

, where

is pressure scaling factor. Pressure scaling

is define by the power law dependence of soot volume fraction on pressure [238]. Lee

and Na [235], using the two-color pyrometry, measured soot concentrations, at a pressure range
of 1–4 atm, in co-flow non-premixed flames of air as oxidizer and pure ethylene. They reported a
quadratic dependence on the pressure of the maximum local soot volume fraction at a height of
20 mm and above the burner nozzle exit [235]. Flower and Bowman [232, 233] used a co-flow
laminar non-premixed ethylene flame at pressure range of 1–10 atm to measure the soot volume
fraction using the line-of-sight light extinction (LE) diagnostic method, and reported a pressure
scaling factor of

=1.2 ± 0.1. Radially-resolved soot concentration and soot temperature

measurements have been reported by Thomson et al. [239] in laminar non-premixed co-flow
methane flames up to the pressure of 40 atm, using the soot emission spectroscopy and line-of-

112

sight attenuation techniques, and the authors obtained a quadratic pressure scaling. McCrain and
Roberts [102] investigated the formation of soot at elevated pressures up to 25 atm in methane–
air coflow non-premixed flames and up to 16 atm in ethylene–air coflow non-premixed flames.
They employed the laser induced incandescence (LII) technique to measure the soot volume
fraction. It was noted that the flame gets narrower with increasing pressure, and the local peak
soot volume fraction has been found to scale with pressure for the flames. McCrain and Roberts
[102] noticed that the integrated soot volume fraction, at an axial location, scaled with pressure
with

=1.0 and

=1.2 for methane–air and ethylene–air flames, respectively. In addition, the

region of local peak soot volume fraction was found to shift from the wings of the flame to the
tip with increasing pressure for both methane–air and ethylene–air flames [102]. It was found
that the local peak soot volume fraction scaled with pressure for the methane–air flames with
=1.2 and for the ethylene–air flames with =1.7 [102]. Hence, the pressure dependence of soot
volume fraction based on the local maximum is considerably different than that determined from
the integrated value in the ethylene–air flames [102]. Zhou et al. [238] conducted the LII soot
volume fraction measurements in laminar non-premixed co-flow n-heptane flames over a
pressure range spanning from 1.0 to 3.0 bar. While the oscillations of the height of the flame tip
was less than 1 mm in this setup, they observed that the oscillations of the flame tip increased
with increasing pressure. On the other hand, the flame tip height based on soot structure
decreased slightly with increasing pressure, and, somewhat unexpected, the natural luminosity
showed a slightly higher flame than that determined by the LII signals. While the pressure plays
an important role in enhancing the combustion intensity, it has been reported that the pressure
scale factor of soot formation is in the range of 0.6‒2.4 [112, 234, 240, 241].
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Most of these literature studies at elevated pressures have been conducted in co-flow nonpremixed flame conditions. However, these flame configurations are two-dimensional and
require significant computational resources to accurately model them. In contrast, a counterflow
flame configuration is quasi-one-dimensional in nature, facilitating simulations with detailed
chemistry and soot modeling [240, 242-245]. To our knowledge only few studies have been
conducted to measure PAHs at elevated pressure conditions [171]. Most of the literature studies
to measure PAH profiles were conducted at atmospheric conditions, including those in premixed
flames [96, 246-248], co-flow non-premixed flames [95, 249-252], and counterflow nonpremixed flames

[240, 242, 253-256]. Hence, in this chapter, combining soot and PAH

measurements at elevated pressure conditions, for ethylene flames, is of fundamental interest.

5.2 Test matrix

Table 4 lists experimental conditions investigated in this study. The bulk velocities of
, 41.25, 27.5, 20.625, 16.5, and 13.75 cm/s were used to maintain

=300 s-1 for P=1, 2, 3,

4, 5, and 6 atm, respectively. The fuel stream was composed of ethylene and nitrogen, with the
mole fractions of ethylene,

, varied from 0.20 to 0.40. The mole fractions of oxygen and

nitrogen in the oxidizer stream were kept constant at

=0.21 and

=0.79, respectively. The

exit temperatures of the fuel and oxidizer nozzles were maintained at 300 K. For
a given set of

and

, the maximum flame temperatures,

=300 s-1 and

, within the investigated

pressure range, simulated using the WF-PAH mechanism [8], are also shown in Table 4. It is
seen that

increases with increasing pressure. Figure 5.1 shows the comparison of the flame

structure variations at P=1, 4, and 6 atm by plotting the profiles of temperature, mole fractions of
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ethylene and oxygen, and mass flux, for the case of

=0.20 and

=300 s-1. By keeping

pressure-weighted strain rate constant, it is seen from Fig. 5.1 that the overall flame thickness in
terms of temperaturte profile is unchanged and the profiles of mass flux, ethylene mole fraction,
and oxygen mole fraction entering the flame are almost identical. These comparisons justify this
method of pressure-weighted strain rate to control the overall flame structure/thickness, which
will be further demonstrated later by comparing the current experimental results.
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XF = 0.20, K' = 300 s-1
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Figure 5.1: Simulated temperature and velocity profiles, using USC-PAH mechanism [8], for
ethylene flames at P = 1, 4 and 6 atm, demonstrating the same flame width with variation in
pressure.
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Table 4: Experimental conditions, simulated maximum flame temperatures (Tmax) in the given
counterflow conditions, and calculated stoichiometric mixture fractions (Zst) for ethylene flames.
Fuel
Stream

0.20
0.30
0.40

Oxidizer
Stream

0.80
0.70
0.60

0.21 0.79
0.21 0.79
0.21 0.79

Pressure
Range
(atm)
1‒6
1‒6
1‒6

Maximum Flame
Temperature
Range
(K)
1699‒1944
1822‒2072
1889‒2144

Stoichiometric
Mixture
Fraction
0.268
0.197
0.156

Pressureweighted Strain
Rate
(s-1)
300
300
300

5.3 Calibration of LII measurements

It is important to determine the calibration factor for LII at elevated pressures. In Fig. 5.2(a) and
Fig. 5.2(b), the spatial distribution profiles of soot volume fraction measured using the LII and
LE technique using abel’s inversion, as described in [131], have been shown for the sooting
ethylene flame under the conditions of

=0.20, P=2 atm, and

=300 s-1 at five axial locations

( ) from the bottom fuel nozzle. The calibration of ethylene flames at atmospheric pressure has
been demonstrated in our earlier study [131].
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XF = 0.20, P = 2.0 atm
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Figure 5.2: Comparison of soot volume fraction distributions in counterflow nonpremixed
ethylene flame measured using LE and LII. (a) soot formation zone (b) soot decomposition and
oxidation zone, where z represents the distance from the fuel nozzle. Conditions: XF = 0.20, P =
2 atm, and K’=300 s-1. Solid symbols/black lines are for LE measurements using abel’s inversion
and hollow symbols/gray lines are for LII measurements.
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With increasing , Fig. 5.2(a) and Fig. 5.2(b) show the results in the soot growth and soot
decomposition regimes, respectively. At the ‘Calibration Point’ for =4.07 mm indicated in Fig.
5.2(a), the LII signal was compared with the quantitative measurement of soot volume fraction
using the LE technique. The refractive index used for the current measurements is
, which is widely used in the literature [130, 131, 141]. The choice of refractive index was
based on generally accepted value by the research community and was chosen so that
comparisons could be drawn [142-146, 148]. In our previous study [131], the choice of this
refractive index
refractive indices of

has been discussed in detail and compared with other
[150] and

[151]. A calibration factor

of 3.01108 for LII was then calculated based on the LE results, which was found to be very
similar to the calibration factor of 3.05108 determined with a sooting ethylene flame at
atmospheric pressure. The similar calibration factor was attained by increasing the camera gain
as specified earlier in Section 3.2. These calibration factors are system dependent and also
depend on the variou parameters such as gate width, gate delay, gain etc. chosen for the
experiments. The agreement of the LE and LII profiles demonstrate that there is no influence of
pressure on the calibration process, which is consistent with the previous literature studies [106,
134], due to an insignificant change in the soot morphology, particle diameter, and soot
composition at elevated pressures as explained by [106]. Using the calibration factor, the
quantitative values for the LII signals at other radial-axial locations were then determined. It is
seen from Fig. 5.2 that the radial distributions of soot volume fractions obtained from both the
LII and LE techniques compare well for all the axial locations. Furthermore, the LII profiles
shown in Fig. 5.2 are as symmetrical as the LE profiles. This symmetry of the LII profiles
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demonstrates that the laser fluence employed herin is sufficient and adequate at elevated
pressures.
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5.4 LII and PAH-PLIF results

Combination of PAH-PLIF signals and LII signals can provide the information about the
structural locations of the PAH formation and soot layer in the flame. In order to assess the
pressure effects on soot formation of ethylene flames, soot volume fraction and PAH profiles for
these flames were measured and compared at constant pressure-weighted strain rate. The exit
temperatures of the fuel and oxidizer nozzles were maintained at 300 K. Moderately sooting
flame conditions were chosen in this study, as the LII and PAH-PLIF measurement techniques
are not suitable for heavily sooting flames. This is because that under heavily sooting conditions
the laser fluence may not be sufficeint for the entire measurement domain due to the absorption
of the laser power by the soot particles. For LII in particular, this leads to the difficulty in
maintaining the required laser fluence threshold for the whole region of interrogation. It is also
noted that for lightly sooting flames, the sparse density of soot particles results in weaker LII
signal strength, which would not be sensitive enough for the LII measurements. For

=0.20,

Fig. 5.3(a) and Fig. 5.3(b) show the experimental results at P=1 and 6 atm, respectively.
Similarly, the experimental results shown in Fig. 5.3(c) and Fig. 5.3(d) are for

=0.30 at P=1

and 6 atm, respectively. And lastly, Fig. 5.3(e) and Fig. 5.3(f) present the experimental results for
=0.40 at P=1 and 6 atm, respectively. The PAH-PLIF signal profiles in Fig. 5.3 and the
maximum PAH-PLIF measurements in the rest of the discussion, for the detection wavelengths
of 334 nm, 400 nm, 450 nm, and 492 nm, were scaled by the maximum PAH-PLIF signal for
=0.20 and P=1 atm at 334 nm detection wavelength. This normalization basis was used in
order to demonstrate the relative spatial locations of the PAH-PLIF profiles for different
detection wavelengths (hence different aromatic ring sizes). On the other hand, the LII profile for
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each flame shown in Fig. 5.3 was scaled with the maximum LII signal at

=0.20 at P=1, which

therefore demonstrates the relative increase in the LII signal for other fuel loading and the
pressure conditions.
As discussed earlier, the overall flame thickness has been maintained the same by keeping
the pressure-weighted strain rate constant at

=300 s-1 such that the effect of pressure on

soot/PAH formation can be clearly elucidated. This is verified, as demonstrated in Fig. 5.3, that
between the minimum (1 atm) and the maximum (6 atm) pressure ranges investigated in this
study, the width of the PAH formation zone and sooting zone is similar for all the fuel mole
fractions investigated. It has to be pointed out that considering the temperature sensitivity and
concentration dependence of the PAH-PLIF signals from the aromatics of different ring sizes
formed at different axial locations, the direct comparison of PAH-PLIF signals between two
different detection wavelengths should be taken with caution. In addition, since the PAH-PLIF
measurements have not been corrected for the quenching effect of pressure broadening, these
results provide broad qualitative information. Considering these, for all the profiles in Fig. 5.3, it
can be observed that with the increase in detection wavelength for PAH-PLIF these profiles shift
away from the fuel nozzle and move closer to the LII profile. It can also be observed from Fig.
5.3 that for all the fuel mole fractions and pressure conditions, the PAH profiles are closer to the
fuel side than the LII profile, indicating that PAHs grow from the fuel side. The results for all the
flames also show that with the increase in detection wavelength the PAH-PLIF profiles move
closer to the LII profile. This shift in PAH-PLIF profiles with increasing detection wavelength
indicates that the longer (shorter) detection wavelength corresponds to the larger (smaller)
aromatic ring size of PAH’s, as previously observed by Lee et al. [158]. In Fig. 5.3, a
comparison of the PAH-PLIF profiles across the flames for any of the detection wavelengths
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shows that while their profile shapes appear similar, the maximum relative signal values vary.
Such behavior can be associated with the effects of fuel mole fraction and pressure on the PAH
and soot formation processes. The maximum relative signals of PAH-PLIF signals increase for
each detection wavelength, with increase in pressure, indicating that the pressure inhances PAH
formation. The comparison of the maximum relative signals of PAH-PLIF signals for all the
detection wavelengths will be shown and discussed later. In general, the soot volume fraction
profile can be divided into three zones, namely inception, growth, and oxidation for soot. The
soot inception zone exists towards the fuel side, where the higher concentrations of soot
precursors are present and initial aromatic ring formation of benzene, naphthalene, anthracene,
etc, takes place. Further growth in soot is due to various parallel pathways of soot formation and
growth, such as aromatic condensation, hydrogen-abstraction/carbon-addition (HACA), etc.
Finally, the soot profiles decay after attaining a peak, which is due to the oxidation processes,
decomposition of soot due to high temperature. Using the WF-PAH mechanism [8], the
computed spatially-resolved temperature profiles have also been shown in Fig. 3 for the
comparison. It can be noticed that the decay of soot volume fraction profiles occurs closer to the
location and towards the oxidizer side.
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Figure 5.3: Spatial profiles of relative LII and PAH-PLIF (detection wavelengths of 334 nm, 400
nm, 450 nm, and 492 nm) signals, as well as the computed temperature profiles using the WFPAH mechanism [8], along the centerline in the ethylene flames. Conditions: (a) XF =0.20, P =1
atm, and K’ =300 s-1 (b) XF =0.20, P =6 atm, and K’ =300 s-1 (c) XF =0.30, P =1 atm, and K’ =300
s-1 (d) XF =0.30, P =6 atm, and K’ =300 s-1 (e) XF =0.40, P =1 atm, and K’ =300 s-1 (f) XF =0.40,
P =6 atm, and K’ =300 s-1 .
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In order to understand the effect of pressure on the soot formation process, Fig. 5.4 shows
and compares the soot volume fraction profiles along the centerline for all the sooting ethylene
flames investigated, in the pressure range of =1–6 atm and

=0.20–0.40. In Fig. 5.4, it can be

noticed that the the width of the sooting zone with increase in pressure remains similar, which
again justifies the formulation of keeping pressure-weighted strain rate constant to isolate the
pressure effect on the soot formation process. With increase in the pressure, it can be observed
that the maximum soot volume fraction value increases. Furthermore, the experimental results
shown in Fig. 5.4 provide benchmark datasets for the development and validation of
comprehensive soot models.
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Figure 5.4: Spatial profiles of quantitative soot volume fraction, along the centerline in ethylene
flames. Conditions: (a) XF =0.20, P =1-6 atm, and K’ =300 s-1 (b) XF =0.30, P =1-6 atm, and K’
=300 s-1 (c) XF =0.40, P =1-6 atm, and K’ =300 s-1.
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The effect of pressure on the maximum soot volume fraction along the centerline is shown in
Fig. 5.5 for ethylene flames under the conditions of

=0.20‒0.40, P=1‒6 atm, and

The pressure dependences of the maximum soot volume fraction,
integrated soot volume fraction,

∫

=300 s-1.

, and the spatially-

, are demonstrated in Figs. 5.5(a) and 5.5(b),

respectively. From Fig. 5.5, it can be noticed that for a fixed pressure, the maximum and
integrated soot volume fraction values increase by an increase in the fuel mole fraction, due to
the increase in the amount of soot precursor pool [238]. For a given

, it is seen that the amount

of soot formation increases with increasing pressure. Similar behavior of increase in soot volume
fraction with pressure has been observed by Flower and Bowman [232, 233], Lee and Na [235],
and McCrain and Roberts [102] in co-flow non-premixed ethylene flames.
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Figure 5.5: Maximum soot volume fractions along the centerline measured in ethylene flames for
varying fuel mole fractions and pressures at K’ =300 s-1. Best fit straight lines are drawn to guide
the discernment.
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Figure 5.6 shows the qualitative comparison of the effect of pressure on 334 nm detection
linked to A2‒A3 formation, 400 nm detection linked to A4 formation, and 450 and 492 nm
detections linked to the larger aromatic ring PAH formation. The experimental results of
maximum PLIF signals along the centerline shown in Fig. 5.6 are for the fuel mole fraction range
of

=0.20‒0.40, P=1‒6 atm, and

=300 s-1. A consideration that should be taken is that the

gate widths in these measurements have been kept the same across all the pressures, the pressure
effect on the collection efficiency in reality differs. The effect of pressure in the fluorescence
process is of decrease in the fluorescence signal due to the increase in quenching rates [257]. On
the other hands, the increase in pressure is known to enhance the PAH formation process [98].
For each of the detection wavelengths, an increase in PAH-PLIF signal has been observed with
the increase in the fuel mole fraction or pressure for each detection wavelength. This observation
indicates that the pressure effect on the PAH formation process is stronger than the rate of
quenching, hence these results qualitatively represent the pressure effect on the PAH process and
hence the soot formation process. Due to this, these qualitative results should be interpreted with
caution considering the errors in the measurements due to the aforementioned limitations of the
LIF measurements.
To further investigate how the soot and PAH formation processes scale with the pressure,
logarithmic calculations for both the LII and PAH-PLIF measurements have been conducted.
The pressure scaling for soot volume fraction was determined by the following:

⁄

where

( ⁄ )

(

or

⁄

( ⁄ ) ,

(10)

) is the maximum (spatially-integrated) soot volume fraction along the

centerline at a reference pressure

and

is the pressure scaling factor. Here,
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is set to 1 atm.

Logarithmic plots based on Eq. (10) and the results of Fig. 5.5 are shown in Fig. 5.7. These
logarithmic plots are also used to draw a best fit straight line to determine the pressure scaling
factors. A similar method of pressure scaling has been adopted by McCrain and Roberts [102].
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Figure 5.6: Maximum relative PAH-PLIF signals along the centerline in ethylene flames for
varying fuel mole fractions and pressures at K’ =300 s-1: (a) 334 nm wavelength (A2–A3)
detection, (b) 400 nm wavelength (A4) detection, (c) 450 nm wavelength detection, (d) 492 nm
wavelength detection. Best fit straight lines are drawn to guide the discernment.
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Similarly, for the PAH-PLIF measurements the pressure scaling was determined by the
following:

⁄

where
=1 atm, and

( ⁄ ) ,

(11)

is the maximum relative PAH-PLIF signal along the centerline,

is that at

is the pressure scaling factor for PAH. Using Eq. (11) and the results of Fig.

5.6, the logarithmic plots for PAH-PLIF measurements at the detection wavelengths of 334 nm,
400 nm, 450 nm, and 492 nm are shown in Fig. 5.8. By drawing a best fit straight line, the
corresponding pressure scaling factor

for each measurement can be calculated.
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Figure 5.7: Logarithmic plot of relative (a) maximum and (b) spatially-integrated soot volume
fraction variation with relative logarithmic pressure for different fuel mole fractions at K’ =300 s1
. Best fit straight lines are drawn to guide the discernment.
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Figure 5.8: Logarithmic plots of relative maximum PAH-PLIF signal variation with relative
logarithmic pressure for different fuel mole fractions at K’ =300 s-1: (a) 334 nm wavelength (A2‒
A3) detection, (b) 400 nm wavelength (A4) detection, (c) 450 nm wavelength detection (d) 492
nm wavelength detection. Best fit straight lines are drawn to guide the discernment.
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From Fig. 5.7 and Fig. 5.8, the deduced pressure scaling factors are summarized in Table 5,
for soot volume fraction results and PAH-PLIF measurements at different detection wavelengths.
It can be noticed that the PAH-LIF measurements show an increase in pressure scaling factor up
to 400 nm detection wavelength followed by a decrease. For example, for

=0.20, the pressure

scaling factor is 0.49 at 334 nm detection, increases to 0.55 at 400 nm detection, then it decreases
to 0.44 at 450 nm detection, followed by a further decrease to 0.37 at 492 nm detection, finally
for the soot volume fraction it decreases to 0.35. Similar trends have been observed for the other
two fuel mole fraction measurements at

=0.30 and 0.40. In a study of co-flow non-premixed

ethylene flames, McCrain and Roberts [102] reported the pressure scaling factors for their local
maximum and path-integrated soot volume fractions are 1.7 and 1.2, respectively. However, the
pressure scaling factors in the current study for soot volume fraction is <0.6. This discrepancy
could be due to that the sooting behavior depends on the flame configuration in addition to the
fuel type and structure [10]. It is also of interest to note that McCrain and Roberts [102] observed
the trend of increasing soot yield and decreasing pressure scaling factor with increasing fuel flow
rate. Since the current counteflow flames experienced higher strain rates than those in the typical
co-flow flames, this could be a reason leading to lower pressure scaling factors in this study. The
lower strain rates could not be tested in our experiments as that would limit the flame stability
due to the wider flames resulting in the heat loss to the nozzles, as well as limitations of LII
measurements due to higher soot loading.
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Table 5: Experimentally-fitted pressure scaling factors for ethylene flames.
Pressure Scaling Factor

0.20
0.30
0.40

334 nm
PAH-PLIF

400 nm
PAH-PLIF

450 nm
PAH-PLIF

492 nm
PAH-PLIF

0.49
0.56
0.65

0.55
0.60
0.87

0.44
0.57
0.66

0.37
0.54
0.62

Maximum Soot Integrated Soot
Volume Fraction Volume Fraction
LII
LII
0.35
0.32
0.43
0.44
0.53
0.56

5.5 Simulated PAH results

From the experimental results, it has been observed that with an increase in pressure the PAH
formation process is enhanced. Depending on the aromatic ring size of the measured PAHs, the
pressure scaling factor varies. Using the WF-PAH mechanism [8], the species profiles of
benzene, C6H6 (A1-ring), naphthalene, C10H8 (A2-ring), anthracene, C14H10 (A3-ring), and
pyrene, C16H10 (A4-ring) were simulated. The investigated conditions in simulations are the same
as that for the ethylene‒air nonpremixed counterflow flame experiments, namely
P=1‒6 atm, and

=0.20‒0.40,

=300 s-1. Since the experimental PAH-PLIF results are qualitative in nature

and also measure all the PAHs in A2‒A3 aromatic class with 334 nm detection wavelength and
A4 aromatic class with 400 nm detection wavelength [158, 256], a direct comparison with the
simulated results cannot be made. The simulated results have been used to see the trends of
pressure effect on aromatics formation process. Figure 5.9 shows these computed peak mole
fractions of PAHs versus pressure. It is seen from Fig. 5.9 that all the calculated peak values of
PAHs increase with increasing pressure. Figure 5.9(a) is plotted for the first aromatic ring A1
(C6H6, benzene) formation. Although benzene profiles were not measured in the cuurent
experiemnts, the computational results show an increase in the benzene formation with an
increase in pressure. Figures 5.9(b) and 5.9(c) are plotted for the A2 aromatics (C10H8,
napththalene) and A3 aromatics (C14H10, anthracene), respectively, which in the experimental
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results are related to the 334 nm wavelength detection PAH-PLIF signals shown in Fig. 5.6(a).
By comparison, both of these plots show a monotonic increase with pressure. Similarly, a
qualitative comparison between the calculated A4-ring PAH (C16H10, pyrene) in Fig. 5.9(d) and
the experimental results in Fig. 5.6(b). As the increase in fuel mole fraction provides more
precursor pools of PAH formation, it can be observed in all the cases, for a fixed pressure an
increase in fuel mole fraction results in the increase of the amount of PAH formed.
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Figure 5.9: Variations of calculated peak mole fractions using the WF-PAH [8] mechanism in
ethylene flames for varying fuel mole fractions and pressures at K’ =300 s-1: (a) A1 aromatics
(C6H6), (b) A2 aromatics (C10H8), (c) A3 (C14H10) aromatics, and (d) A4 aromatics (C16H10). Best
fit straight lines are drawn to guide the discernment.
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To further investigate how the simulated peak mole fractions of aromatic species scale with
the pressure, logarithmic correlations for these computed results have been conducted. The
method of plotting them is similar to the one adopted for correlating the experimental results,
using Eq. (11), where

has been replaced by the respective peak mole fraction

aromatic species and

is replaced by

of the

, i.e., the corresponding peak mole fraction at 1

atm pressure. The logarithmic plots have been shown in Fig. 5.10. Similarly, using these plots,
the pressure scaling factors have been calculated and summarized in Table 6. While the pressure
scaling factor values shown in Table 5 and Table 6 are different, similar increasing trend of
pressure scaling factor from A2 to A4 is observed.
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Figure 5.10: Variations of calculated relative logarithmic peak mole fractions using the WF-PAH
[8] mechanism with relative logarithmic pressure for varying fuel mole fractions at K’ =300 s-1:
(a) A1 aromatics (C6H6), (b) A2 aromatics (C10H8), (c) A3 (C14H10) aromatics, and (d) A4 (C16H10)
aromatics. Best fit straight lines are drawn to guide the discernment.
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Table 6: Simulation-fitted pressure scaling factors for peak aromatic species mole fractions in
ethylene flames using the WF-PAH mechanism [8].
Scaling factor,

0.20
0.30
0.40

A1-ring
(benzene,
C6H6)
0.55
0.52
0.59

A2-ring
PAH
(naphthalene,
C10H8)
1.62
1.21
1.18

A3-ring PAH
(anthracene,
C14H10)
2.49
1.83
1.77

A4-ring PAH
(pyrene,
C16H10)
3.24
2.40
2.28

In Table 6, it can be seen that with the increase in the aromatic ring size the pressure
scaling factor n increases which is consistent with our experiments. The simulated aromatics
predict up to 4 aromatic rings, and in the experiments concluded in the Table 5, this is
corresponds to the detection wavelength of 400 nm for which pressure scaling factor n increases.
These factors are not similar, as in our experimental results, a class of aromatic ring sizes have
been detected.
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Chapter 6: Conclusions and future work
6.1 Accomplishments

In this dissertation, the work on optical diagnostics measurements of soot and PAH formation in
butane and butanol isomers at atmospheric pressure and ethylene at elevated pressures, has been
presented. Considering the importance of in-situ and non-intrusive optical diagnostic techniques
the following are the key accomplishments:
1. The implementation of the optical diagnostic technique, laser induced incandescence (LII),
capable of providing the quantitative measurements of soot volume fractions.
2. The implementation of the calibration technique, light extinction (LE), for the LII. The
successful implementation of this technique has been demonstrated for liquid fuels (n-butanol),
straight and structural fuels (ethylene and iso-butane) and at elevated pressure conditions
(ethylene at 2 atm pressure).
3. The mapping of PAH formation using the planar laser induced fluorescence (PLIF) was
successfully demonstrated by detecting PAHs at various detection wavelengths.
4. Under the counterflow non-premixed conditions, alternative fuels of butanol isomers were
tested and were compared with butane isomers, by measuring soot volume fractions and PAHs.
5. The LII and LIF techniques were implemented at elevated pressures, which are relevant to the
real engine operating conditions. Ethylene flames were tested for soot volume fractions and
PAHs at elevated pressures.
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6. Various chemical kinetic mechanisms were used to develop the understanding of the chemical
kinetic pathways of fuel oxidation and PAH formation, by comparing the computational results
with experimental measurements.
6.2 Conclusions

In the soot formation study presented in Chapter 3, atmospheric-pressure, non-premixed, sooting
flames of butane and butanol isomers in a counterflow configuration were investigated. Laser
diagnostics techniques were implemented to carry out quantitative measurements of soot volume
fraction profiles. Due to the molecular structure effects, the sooting behaviors of fuels within the
same isomeric class were found to differ. These differences were linked to different initial fuel
breaking pathways pertaining to different C-C, C-H bond strengths within isomers. The presence
of hydroxyl (-OH) group in butanol isomers was noted to affect the sooting behavior, as the
butane isomers were found to produce more soot than butanol isomers for the conditions
investigated. The effects of fuel mole fraction, oxygen mole fraction, and strain rate on soot
formation were also investigated for these fuels. For the conditions studied, the sooting tendency
ranking generally follows n-butane > iso-butane > tert-butanol > n-butanol > iso-butanol > secbutanol. The counterflow non-premixed flames were also simulated using the gas-phase
chemical kinetic models available in the literature to compute the spatially-resolved profiles of
soot precursors, including acetylene and propargyl. However, the experimentally-observed
sooting propensity ranking does not correlate well with the rankings for the computed peak mole
fractions of soot precursors. These rankings may not correlate with each other as the soot
formation and growth is a non-linear process. In addition, qualitative and quantitative
dissimilarities in the computed mole fractions of soot precursors, as well as the differences in the
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initial fuel breaking steps, predicted by the literature kinetic models are noted. Further chemical
kinetic studies are needed to reconcile such discrepancies.
In the PAH formation study presented in Chapter 4, atmospheric pressure, non-premixed,
sooting flames of the butanes and the butanols in the counterflow configuration were
investigated to study the PAH formation, by using an optical diagnostic technique of planar
laser-induced fluorescence for qualitative measurements of the PAHs with different aromatic
ring sizes. The fuel structure effects on the PAH formation were observed, as within the same
isomeric class the PAH formation tendencies differ. At the inception stage, the dominance of the
propargyl pathways in the PAH formation was discussed based on the present experimental data
and the simulated results using the POLIMI mechanism [4-7]. At the growth stage, the PAH
formation ranking for the large PAHs formed just before the formation of soot particles was
found to be consistent with the sooting tendency determined based on the peak soot volume
fraction measured by the laser-induced incandescence (LII) technique. Additional experiments
were conducted for the binary fuel blends by blending the branched chain isomer with the
baseline straight chain isomer. Such experimental results revealed some synergistic effects and
suggested the importance of the acetylene addition pathways to account for the synergy, which,
however, were not shown in the simulations. It was further found through the path analyses that
the contribution of the HACA mechanism in the PAH formation described in the POLIMI
mechanism [4-7] plays a minimal role. Hence, in addition to the odd-carbon-atom pathways of
PAH formation, the importance of the HACA routes, as well as other pathways beyond the
HACA mechanism, for the large PAH formation should be considered in the chemical kinetic
models, especially for the straight chain fuels.
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The study of counterflow non-premixed sooting ethylene‒air flames with fuel mole
fractions of 0.20‒0.40 in the pressure range of 1‒6 atm were investigated experimentally with the
laser diagnostic techniques of laser induced incandescence, planar laser induce fluorescence, and
light extinction. A better understating of the quantitative soot formation process has been
developed for ethylene counterflow flames under elevated pressure conditions. The effect of
pressure on the formation of PAHs with different aromatic ring sizes has also been measured
qualitatively. The pressure-weighted strain rate method which has been proposed in the literature
was adopted to investigate the pressure effect solely. These flames have been shown, using the
WF-PAH mechanism [8], to maintain similar overall flame width, thus isolating the pressure
effect on the soot formation. Further experimental evidences, by comparing measured soot and
PAH profiles, demonstrate similar structural width. With increase in pressure, the increase in
soot volume fraction and PAH-LIF signals were observed. The pressure scaling factors for soot
formation and PAH formation were deduced. A comparison of the pressure scaling factor for
soot volume fraction with the literature study showed that in the counterflow non-premixed
flames it was lower than the co-flow non-premized flames. This discrepancy could be due to the
differences in flame configuration and the strain rate/flame curvature experienced by the flame.
Since the PAH experimental measurements are qualitative in nature, measuring the A2−A3 and
A4 classes of the aromatics, a direct comparison of pressure scaling factors with the computed
peak mole fractions of aromatic species, which include A1 to A4 aromatics, has not been made.
However, both the experiments and computations demonstrate similar trends of increase in PAH
formation with increasing pressure.
6.3 Future work
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The work presented in the current dissertation is an initial demonstration of successful
implementation of LII, LE and PLIF techniques in non-premixed counterflow configuration at
atmospheric and elevated pressure conditions. This opens up numerous possibilities for the
future:
1. The soot formation process is a complex phenomenon of various gas and solid phase
chemistries involved in this process. The progress that has been made to understand the process
of soot formation is that it is agreed that the soot formation process depends on the chemistry of
the fuel pyrolysis and fuel structure [72]. Early understanding of soot formation was mostly
believed by the H-abstraction-C2H2-addition (HACA) mechanism of the PAH formation and
initial development of chemical kinetic mechanisms has been based on HACA [8, 76-80]. With
further experimental investigations, the pathways involving propargyl, allyl, cyclopentadienyl,
and indenyl have also been shown to contribute to the PAH formation processes [81-89]. In
addition, the odd-carbon-atom pathways have been introduced as possible reaction routes of the
incipient PAH formation, as the propargyl has been proposed to produce reasonantly stable
benzene rings [91-95]. Having demonstrated the measurement of the PAHs and soot, using the
efficient use of optical diagnostic techniques, in the future the research can be directed to provide
a detailed mapping of soot and PAH formation pathways.
2. The demonstration of LII technique leads to the possibility of soot particle size measurements.
The soot particle sizes can be measured by detecting the LII signals at two detection
wavelengths. The LII temporal profiles for the spatial locations can be created which are
dependent on the soot particle diameter and the detection wavelength. Having known these two
detection wavelengths, the particle size distribution can be mapped in the sooting zone. The
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information of soot particle size distribution is important in the development of surface
chemistry of solid phase soot formation, such as the moment method of soot formation.
3. This study also leaves a possibility of studying various fuels such as jet fuels, diesel, esters,
ethers etc. in the counterflow non-premixed flame configuration to understand fuel specific
effects on the soot and PAH formation process. The sooting tendencies can be compared and
ranked for butanols and their counterpart alkanes, for example the butane and butanol isomers
were compared in this thesis.
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Appendix
Chemical structures of some of the intermediate species during initial fuel breaking processes.
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